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ABSTRACT
School of Graduate Studies
The University of Alabama in Huntsville
Degree

Doctor of Philosophy

College/Dept. Science/Optical Science and
Engineering

Name of Candidate
Title

Kira D. Patty

Photoluminescence of Cadmium Selenide-based
Colloidal Quantum Dots in the Presence of a Metal Oxide
Quantum dots (QDs) are semiconductor nanocrystals that self-assemble from

solution and come in a variety of shapes, sizes, and materials. Due to their extremely small sizes, QDs exhibit atom-like quantum mechanical properties that make
them highly desirable for many applications and for fundamental research in quantum mechanics. Further, when continuously irradiated, the intensity of QD emissions
can increase over time; a phenomenon referred to as photo-induced fluorescence enhancement (PFE). For almost every application that deals with the optics of QDs,
the enhancement of their quantum efficiency and control of their photoluminescence
properties is highly desirable. This research explores how the presence of a metal oxide can alter the photoluminescence of CdSe-based colloidal QDs. The results show
that certain QDs can become dramatically brighter when a metal oxide is present and
this brightening occurs at the single QD level. Further, the results demonstrate that
different metal oxides can interact uniquely with different types of QD structures.
These effects were analyzed in terms of the photo-induced processes that drive PFE
within the QDs and how those processes can be altered by the photo-catalytic properties of the metal oxides. In particular, this research shows that a metal oxide can
iv

act to stabilize the fluorescence of certain QDs over time even under conditions that
generally lead to a reduction in the QDs’ brightness. These results are unprecedented
in the literature and represent a critical first step toward developing new techniques
to tailor the photoluminescence of colloidal QDs.
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CHAPTER 1

INTRODUCTION

If we knew what we were doing, it wouldn’t
be called research.
—Albert Einstein
Colloidal quantum dots (QDs) are semiconductor nanocrystals that self-assemble
from solution and come in a variety of shapes, sizes, and materials. Due to their extremely small sizes, QDs exhibit atom-like quantum mechanical properties that make
them highly desirable for various applications and for fundamental research in quantum mechanics. In particular, these QDs exhibit highly efficient fluorescence that can
be tailored during synthesis; i.e., different sized nanocrystals of a given semiconductor
material can fluoresce at different wavelengths.
Such a simple, fundamental relationship between the nanocrystals size and
emission spectra might lead some to assume that engineering, and by extension applying, QDs is a similarly straightforward matter. However, this is not the case and
a number of factors can influence the QD’s fluorescence emissions over time, making
them highly photo-active structures. Such a high degree of photo-activity can be
beneficial in some applications. For example, QDs can be significantly brighter than
the traditional organic fluorescent molecules used in applications such as fluorescence
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microscopy. However, changes in the QDs’ emissions over time, particularly brightness, can present challenges for applications that require highly stable emissions such
as some light sources.
The theoretical basis for the research into these photo-active substrates is
provided in Chapter 2 and Chapter 3. Core results are presented in Chapter 5,
Chapter 6, and Chapter 7. The remainder of this introduction is devoted to outlining
the many applications of QDs and the motivation for this research.

1.1

Quantum Dot Applications
To understand the wide appeal that QDs have for developing new technologies

and applications across multiple disciplines, it is useful to state in simple terms the
basic characteristics that are the source of this appeal. QDs are nanoclusters of semiconductor materials comprising hundreds to thousands of individual atoms arranged
in a crystalline structure. Colloidal QDs are self-assembled from solution using a
variety of organometallic chemistry techniques and can be approximately-spherical in
shape. Their nano-scale dimension is the basis for the QDs’ unique quantum dynamics that result in discrete atom-like energies and permit the direct control of these
energies via the QD size and shape. The discovery of this simple fact, that a complex
molecular structure could act like a single atom, was revolutionary; fundamentally
changing perceptions of the applicability of quantum mechanics to the nano-scale and
the collective understanding of the physics of nano-scale materials.
The discovery of quantum dots is primarily attributed to a team of research
chemists at the AT&T Bell Laboratories, New Jersey led by Louis E. Brus during
2

the 1980s [6, 7]. The team’s exploration of colloidally formed semiconductor particles, which Brus initially named semiconductor crystallites, revealed a key property
that was in stark contrast to that of the bulk semiconductor material: the minimum
band gap energy was variable rather than fixed. Independent work by Alexander
L. Efros and Alexi L. Efros [8] also contributed to the initial understanding of the
materials that what would eventually become known as quantum dots. These early
works quickly established the consequences of this variable band gap: emission and
absorption spectra depend on the nanocrystals’ size which can be engineered during synthesis. Further work by Efros and Efros [8], and by A. I. Ekimov and A.
A. Onushchenko [9] provided the first published theoretical framework for this observed size dependence and showed that quantum confinement of the charge carrier
wavefunctions was the key.
In addition to the QDs’ size and shape, the semiconductor materials used to
form the QDs play a key role in determining their opto-electronic properties. During synthesis, a core of semiconductor material (e.g., CdSe) is formed with typical
diameters on the order of 3-5 nm. These cores may then be capped by an additional
monolayer (or multilayer) of another material (e.g., ZnS) forming what is referred to
as a core/shell QD. As a final step, the core or core/shell QD is ligated with an organic surfactant (e.g., octadecyl amine (ODA) or trioctyl phosphine oxide (TOPO))
to provide the desired solubility (e.g., in toluene, in water) or to functionalize (e.g.,
biotin) the QD for later binding to other molecules. These ligands serve the further
purpose of passivating surface defects which results in the overall brightening of the
QDs’ emissions.
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The ability to engineer the QDs’ absorption and emission spectrum and their
high quantum yield are the main sources of their appeal [10]. Further, QDs can be
excited optically or electronically [11]. QDs are rapidly replacing traditional fluorescent molecules (e.g., fluorescein) in many microbiology applications. In these cases,
the QDs have been ligated for use in a water solution and have functionalized surfaces
for binding with other molecular species such as biotin, streptavidin, etc. Configured
in such a way, the QDs can then be used as fluorescent markers in biological assays
(colorimetric detection of an analyte based on the QDs’ fluorescence) or in imaging
applications such as in vivo observation of cellular processes. In a similar manner,
QDs are used for the detection of chemical species such as pollutants and chemical
agents.
New types of emission sources have been recently developed to take advantage of the QDs’ high quantum yield and coherence. For example, QD based light
emitting devices have been actively researched since the mid 1990s and improved
manufacturing techniques are leading to incorporation of this technology for various
display applications (TVs, smart phones, LEDs, etc.) [12, 13]. The appeal of these
QD-based devices is that they provide a larger color range, lower power consumption, and are generally brighter than their conventional counterparts. New lasers
utilizing InAs/InP systems with infrared emitting QDs are another active area of research with important applications for long-haul fiber optic communications requiring
wavelengths above 1.3 µm [11].
QDs have been successfully used as dye sensitizing agents to significantly increase the efficiency of semiconductor solar cells. Dye sensitization is an established
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photovoltaics development technique in which the absorption spectra of the dye is
used to increase the efficiency of solar radiation absorption [14]. Producing efficient
solar cells requires careful engineering of the various elements comprising the photon
acceptor, charge transfer structures, and electrodes in the photocell stack so that
electron transport occurs with more efficiency than electron-hole recombination. Additionally, QDs are key elements in the development of nanoscale optical amplifiers,
optical switches and quantum computing devices [15]. For almost every application
that deals with the optics of QDs, the enhancement of their quantum efficiency and
control of their photoluminescence properties through coherent effects or other physical processes offers a major advantage over other fluorophors.

1.2

Motivation for the Research and Objectives
Given the many physical processes that can impact a QD’s photophysics and

photochemistry, it is reasonable to suspect that there is still more to learn about
these unique nanostructures. Through a combination of insight and serendipity, it
was discovered that metal oxides can alter a QD’s photoluminescence in unique ways.
This presented an opportunity to discover new information about colloidal QDs via
metal oxide-based photo-active substrates.
In this research, it is shown that certain QDs in contact with a metal oxide thin
film can become dramatically brighter than QDs without the metal oxide. In other
cases, the presence of a metal oxide can act to stabilize some QD’s fluorescence over
time even under conditions that typically reduce QD brightness. These discoveries are
unprecedented in the literature and have been recently reported by the author [16,17].
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These discoveries have also garnered media attention for their potential applications
[18, 19].
In the most basic terms, the motivation for this research is to find out if and,
to the extent feasible, how metal oxides impact CdSe-based quantum dots and in
doing so, obtain new information and a deeper understanding of these QDs which
can facilitate development of new applications. As this represents a fairly open-ended
line of inquiry, this research is necessarily focused on experimentally studying the
photophysical and photochemical impact of metal oxides under specific conditions
that permit probing key regimes for which the literature has established that the
QD behavior can vary, but are generally attributed to particular physical processes.
Such individual physical processes are then examined through simple modeling of
exciton formation and relaxation in the colloidal QDs. Thus, in the context of the
results of these experiments, established literature, and applicable theory, the impact
of the metal oxide on the photoluminescence behavior of the CdSe-based QDs will be
explained.
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CHAPTER 2

GENERAL BACKGROUND

As was stated in Chapter 1, the objective of this research is to experimentally
study the impact of metal oxides on different CdSe-based colloidal QDs. Revealing
these impacts is accomplished via irradiation of the QDs with a laser source under
various test conditions and determining any changes that occur in the QDs’ emission. However, many types of QDs are known to have very active photophysical and
photochemical properties. In fact, depending on the irradiation intensity, when such
QDs are continuously irradiated over a period of time, their fluorescence intensities
can increase substantially. This phenomenon, known as photoinduced fluorescence
enhancement (PFE), is well documented in the literature as a fundamental characteristic of the photoluminescence of some QDs which can present unique challenges
or advantages depending on the application. [1, 5, 20]
A general understanding of what QDs are and how QDs are known to behave
in response to irradiation is needed to interpret the results of this research. Prior
research has shown that the factors impacting the brightness of colloidal QDs can
include environmental conditions, substrate, and the intensity of the excitation light.
Of particular interest is a phenomenon in which continuous excitation of the QDs leads
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to an increase in the strength of the QDs’ emission (i.e., brightening). The primary
mechanisms for this brightening are passivation of surface defects in the QDs via
adsorption of environmental molecules and the formation of an electro-static barrier
by a photo-ionized QD that suppresses the photo-ionization of neighboring QDs (i.e.,
Coulomb blockade). Photo-oxidation of the QDs, however, is detrimental to the QDs
and leads to the eventual darkening of the QDs. These physical processes compete in
the QDs and are a primary reason why QDs are so highly photo-active. This chapter
presents an overview of what has been established in the literature regarding the
fundamental properties of colloidal QDs and the factors that impact their inherent
PFE.

2.1

Colloidal Quantum Dots
Colloidal QDs are nanoclusters of semiconductor materials (i.e., nanocrystals)

having a typical diameter in the range of 3-10 nm. Materials with one or more physical
dimensions in the nano-scale are collectively referred to as low-dimensional materials
(LDM) due to the fact that the charge carriers, electrons and holes, within these
materials are physically confined by these nanoscale dimensions. The dimensionality
of these materials is identified by the number of spatial coordinates in which the
electrons are not confined. For example, a sheet of material with nano-scale height
and greater than nano-scale area is referred to as being two-dimensional (2-D) and
a nano-wire is one-dimensional (1-D). QDs are considered zero-dimensional (0-D),
indicating complete quantum confinement of the charge carrier wavefunctions in all
three spatial dimensions. This 3-D quantum confinement results in discrete atom-like
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energy states in a structure that is significantly larger than an atom. In essence, a
QD is a physical particle-in-a-box or a physically realizable point source. Further,
the principles of Fourier Optics predicts that collecting QD emissions using circularly
symmetric optics produces a highly predictable, far-field pattern that aides in the
analysis of QD emission images.
Quantum confinement is achieved by engineering the physical dimensions of
the QDs to be less than (high confinement regime) or equal to (low confinement
regime) the semiconductor material’s bulk exciton Bohr radius. This provides direct
size and shape based control of the opto-electronic properties of the QDs. [21–24] For
example, commercially available colloidal QDs having a CdSe-based core have sizetunable emission wavelengths in the range of 355-710 nm and exhibit a full width at
half maximum (FWHM) typically in the range of 20-40 nm (see any of the product
catalogs for the manufacturers identified in Chapter 4). Additionally, QDs possess a
significantly higher fluorescence quantum yield (up to 1000 times) and exhibit more
stable fluorescence than the organic fluorophors traditionally used as fluorescent labels. [10] Collectively, these properties are the reason for QDs’ wide appeal for various applications including solar cells, light sources, and optical sensors for biological,
chemical, and imaging applications. [25–29]

2.1.1

Synthesis of Colloidal QDs
The intrinsic properties governing the optics of the QDs are established during

synthesis. Colloidal QDs are synthesized in either a core or a core/shell arrangement
using a variety of organometallic chemistry techniques [30–32] in which the QD self9

assembles from solution. As such, the resultant colloidal QDs are approximately
spherical in shape and approximately the same size (i.e., monodispersed) in the solution. In general terms, synthesis begins with the formation of the QD core (e.g.,
CdSe) with or without a (mono or multilayer) shell of a second semiconductor material (e.g., ZnS). These cores and core/shells are then capped with a monolayer
of an organic surfactant referred to as a ligand. Most synthesis techniques employ
nonpolar organic solvents and utilize hydrophobic ligands such as trioctylphosphine
oxide (TOPO), trioctyl phosphine (TOP), oleic acid, or amines (e.g. octadecylamine
(ODA)). [5] Alternatively, the QDs can be capped with hydrophilic or amphiphillic
ligands to enable their use in the water based matrices required for many biological fluorescence labeling applications. [33] The selection of ligand can also have a
significant impact on the QDs’ photoluminescence. For example, the use of amine
ligands generally results in a significant increase in the QDs’s quantum yield versus
the unligated form, but amine ligands dissociate more readily than other materials
such as trioctylphosphine oxide (TOPO). [34] As an example, Figure 2.1 depicts the
structure of a ligated CdSe/ZnS colloidal quantum dot.
The semiconductor compounds typically used to form the cores of binary QDs
include lead sulfide, lead selenide, cadmium selenide, cadmium sulfide, indium arsenide, and indium phosphide. For ternary core QDs, a third element is included
in the semiconductor material; e.g., cadmium selenide sulfide. The application of a
semiconductor shell is used to passivate the core; i.e., to remove small defects (e.g.,
dangling bonds) from the core’s surface that provide non-radiative decay pathways
and have a critical impact on the QDs’ absorption spectra. [34–37] For example, col10

Figure 2.1: Illustration of the general core/shell structure CdSe/ZnS colloidal quantum dots.

loidal QDs having a CdSe core and a ZnS shell are widely used. In these CdSe/ZnS
QDs, the ZnS shell provides an additional benefit beyond passivation of the core.
Since ZnS has a larger bandgap than CdSe, the QDs exciton is confined to the quantum dot core, resulting in increased quantum yield versus that seen for the CdSe core
alone. [24,38] Specifically, the exciton’s preferred state occurs when the electron populates the lowest energy conduction band and the hole populates the highest energy
valence band available; both of which occur within the CdSe core. [39,40] This feature
enhances the QDs’ quantum confinement which in turn increases its quantum yield.
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Further, ligation during synthesis passivates the outermost surface, prevents agglomeration of the QDs in solution, and permits the attachment of specific molecules to
functionalize the QD surface for various applications; including, selective binding to
another molecule. [35] Thus, during synthesis, these factors and the QD’s size are
used to engineer the desired emission and absorption spectra.
As mentioned, quantum confinement is fundamentally important to the optoelectronic properties of QDs and, therefore, the optical response of the QDs to excitation by a light source. The effects of quantum confinement first appear in a material
when the physical dimensions of the material are on the order of the wavelength
of the charge carrier (i.e., electron or hole) wavefunction. In the case of QDs, the
carrier mean free path (i.e., average distance traveled before encountering other particles) is larger than the physical dimensions of the nanocrystals in which the carriers
move. [41] This leads to QDs having discrete allowed electronic states rather than
the continuum of allowed states present in their corresponding bulk semiconductor
material.

2.1.2

Photo-excitation of QDs: Radiative and Non-radiative Decay
At the elementary process level, photo-excitation of QDs produces excitons:

quasi-particles consisting of electrostatically coupled electron and hole pairs forming
net-neutral excited states within the semiconductor nanocrystal. Excitons are viewed
as an elementary excitation of condensed matter which transports energy but does not
transport net electric charge. The exciton is formed when an electron is excited from
the valence to conduction band leaving the positively charged hole. For the types of
12

materials used in QDs, the electron and hole are attracted in a Coulomb-like manner
and represent the bound state solutions of the Wannier variation of the Schrodinger
equation. [42] In the Wannier equation, the potential is parabolic; hence, the reason
excitons are referred to as being Hydrogen-like states. In LDMs or materials with a
low dielectric constant, such Coulomb interactions are relatively strong. However, the
binding energy of the exciton is less than that of a Hydrogen atom due to dielectric
screening by other electrons in the material. Further, the effective mass of the hole is
significantly smaller than the effective mass of a proton. Together, this results in the
exciton having a binding energy on the order of a few to 100 meV in contrast to the
binding energy of a Hydrogen atom’s electron (13.6 eV). [42] In light of these factors,
some of the unique physics of QDs becomes apparent: resonances and characteristic
emission spectra such as is seen in individual atoms, but in a structure that consists
of several thousand atoms. [43]
Once an exciton is formed, the electron can recombine with the hole (radiative
recombination) or release a portion of its energy through a non-radiative relaxation.
Such relaxation occurs in semiconductor materials through one of the following types
of decay: radiative, defect mediated (phonon), and band-to-band non-radiative Auger
recombination [44].
Radiative recombination of the electron and hole at the band-edge produces
photoluminescence whereas non-radiative relaxation releases energy without the production of a photon. Non-radiative relaxation primarily occurs through surface states
that are coupled to the QD’s surface while still lying within the bandgap. [42,43] One
example of such non-radiative relaxation is phonon scattering in which the electron’s
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energy is released as heat. Alternatively, energy can be lost through a resonant
energy transfer (i.e., Förster Resonant Energy Transfer (FRET)) or a radiationless
Auger process [45–47]. Additional information is provided in Appendix A. Irradiation of CdSe-based QDs, such as those used in this research, at wavelengths that are
at or below their absorption peak (i.e., above the bandgap) excites an electron which
non-radiatively decays to the bottom of the conduction band to form the exciton. In
these types of materials, excitons have a typical lifetime on the order of 1 ns. [41, 42]
Subsequent radiative decay produces the emissions which, for colloidal CdSe-based
QDs, are typically in the range of 480 (blue) to 640 nm (red). This process is depicted
in Figure 2.2. In the case of phonon scattering, the exciton collides with phonons in
the nanocrystal and can be accompanied by energy loss. In most semiconductor
quantum dots, such collisions occur on the order of tens of picoseconds. [42, 43] The
complex dynamics of exciton formation and recombination within QDs are a significant area of research that has laid the foundation for may unique applications of QDs
(e.g., quantum computing and single molecule sensing) and has greatly added to the
general understanding of quantum phenomena.

2.2

Photo-induced Fluorescence Enhancement
A number of factors are well-documented in the literature to have the ability

to influence the emission efficiency of QDs and, thereby, the QD’s PFE. These factors
can include substrate selection for QDs in thin films, environmental conditions, QD
density in a sample, and the optical properties of the excitation source. [20, 48–51]
In particular, the intensity of the excitation light plays a critical role in QD PFE.
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Figure 2.2: Schematic (Jablonski diagram) of exciton formation and radiative decay.

This section addresses such factors in relation to the physical processes theorized to
underly QD PFE. The role of the substrate in influencing PFE, however, is highly
complex and its discussion is reserved for Chapter 3.
In general terms, irradiation of the QDs mediates physical and/or chemical
processes that act to either increase quantum efficiency (brightening) or to selectively
reduce quantum efficiency (darkening) in response to a given stimulus (e.g., excitation
intensity). When such physical/chemical processes induce a significant change in the
surface characteristics or effective core size of the emissive QDs, the spectral properties
over the irradiation period can differ noticeably from the initial properties without
these effects [37, 52]. The underlying causes of PFE are theorized to be due to the
excitation triggering one or more of the following light-mediated processes impacting
the efficiency of radiative and non-radiative relaxation pathways: surface passivation,
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Figure 2.3: Schematic representation of the general characteristics seen in the PFE
(a), peak emission wavelength (b), and FWHM (c) for the processes of surface passivation (green, dash-dot-dot line) [1–3], Coulomb blockade (blue, solid line) [4, 5], and
photo-oxidation (red, dashed line) [2, 3].

photo-ionization, photo-oxidation, and non-radiative energy transfer [5]. Each process
has characteristics discernible from analysis of the emission spectra. More specifically,
the changes in PFE may also be accompanied by a shift in the peak wavelength and/or
changes in the FWHM. The nature of these changes depends on the particular photoinduced processes that are occurring and the intensity of the excitation. Further,
some photo-induced processes are reversible; i.e., changes seen in the spectra and
PFE do not persist when the QDs are permitted to relax without irradiation. This
important feature can be used to distinguish between photo-induced processes that
have similar impact to the peak wavelength and FWHM. The characteristic changes
associated with of each of these processes are shown schematically in Figure 2.3 and
discussed below.
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2.2.1

Surface Passivation
Surface passivation encompasses those reversible and irreversible physical and/or

chemical processes by which defects in the QDs’ surface stoichiometry are eliminated.
These defects are attributed to unsaturated bonds in the surface atoms (e.g, Se in
CdSe or S in CdSe/ZnS QDs) or lattice strain that forms mid-bandgap carrier trap
states [5, 53]. Additionally, the literature shows that Auger processes in semiconductors are influenced by carrier trapping in such defects [54].
For QD thin films irradiated in ambient air, as is the case in this research, there
are two primary mechanisms for surface passivation: the light mediated adsorption of
environmental molecules (e.g., water) and photo-annealing. In both cases, the QD’s
surface stoichiometry undergoes changes which eliminate the residual surface defects
that were not eliminated during synthesis. This reduces the available non-radiative
decay pathways and results in brightening of the QDs’ emission over time; i.e., PFE.
Tartially reversible surface passivation has been reported to commonly occurs
via the quasi-reversible adsorption of water from air. The adsorbed water acts to passivate surface traps on the QD that have not been passivated via a shell or ligand [2].
During this process the QD’s surface can become partially oxidized (irreversibly). So
long as the amount of oxidation is small, the QD’s emission intensity increases and
is accompanied by a spectral blue shift in the peak emission wavelength without a
broadening of the FWHM over time [1–3, 5]. Passivation via photo-annealing (irreversible) permits self-rearranging of the surface structure (e.g., crystal lattice strain
reduction, termination of unsaturated bonds) and also leads to QD brightening, but
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without any blue shift or broadening [5]. Note that several QD synthesis processes
include thermal annealing which produces the same physical effects on the QD as
photo-annealing.

2.2.2

Photo-ionization
QDs inherently possess a net neutral charge; however, a QD can become ion-

ized when excited sufficiently above the bandgap such that an electron is ejected from
the QD core [1, 20, 50]. Such photo-ionized QDs are no longer emissive (darkened).
The ionized QD can also exert an electrostatic potential on near-neighbor QDs which
suppresses their fast and slow ionization rates making them brighter [21, 48, 55, 56].
This electrostatic potential is commonly referred to as a Coulomb blockade. The formation of such a blockade results in a net increase in the emission intensity of a sample
by reducing the number of QDs in the population that darken due to photo-ionization.
The dynamics of QD photo-ionization and its impact on PFE have been addressed
both experimentally and theoretically. For example, research by Maenosono [48] utilized a rate equation model to examine the PFE of a monolayer of QDs which undergo
radiative recombination, non-radiative recombination, fast ionization, and slow ionization representing QDs in the ground state, excited state, and ionized QDs in the
monolayer.
In samples consisting of spatially isolated QDs, the very large interdot separation prevents the electrostatic potential of ionized QDs from impacting other QDs.
When interdot spacing is close enough to permit the formation of an efficient Coulomb
blockade, the QD emission spectra typically reveal a blue shift with broadening of
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the FWHM [4, 57]. Further, these photo-ejected electrons can become trapped by
materials surrounding the QDs; e.g., trapping by the substrate can occur in QD thin
films [50]. Various substrate types (e.g., Si, SiO2 , and borosilicate glass) have been
found to provide different surface states with long neutralization times (i.e., deep
traps) which can trap these photo-ejected electrons, thereby extending the period for
which such photo-ionization suppression occurs [1,50,58,59]. Much research has been
done investigating how these substrates influence the formation of the Coulomb blockade and the associated increase in PFE due to extension of the Coulomb blockade
duration [60–64].

2.2.3

Photo-oxidation
In contrast to the beneficial actions of surface passivation and Coulomb block-

ade, photo-oxidation can introduce new and substantial lattice defects in the QD’s
surface and core which provide multiple non-radiative decay pathways. Ultimately,
photo-oxidation results in sufficient damage that the QD is no longer emissive. This
process is necessarily irreversible and significantly detrimental to QD emission efficiency and PFE; however, in the early stages of photo-oxidation, densely packed CdSe
QDs have been shown to receive a short term boost in emission efficiency [2, 3].
Photo-oxidation is typically accompanied by a spectral blue shift and broadening of the FWHM. These effects have been attributed to the reduction of the QD’s
effective core size during oxidation [29,52,65,66]. Further a plot of the peak intensity
(or PFE) over time reveals a characteristic shape: at initial times the emission intensity increases rapidly to a maximum and then falls steadily until the QDs cease to
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emit. When oxidation of the QD is sufficient to prevent emission, the photo-oxidation
is commonly referred to as photo-corrosion. Photo-oxidation has also been shown to
be greatly influenced by the excitation intensity [50, 58] which impacts when (during
irradiation) the effects of photo-corrosion begin to dominate [5]. Thus, the stages of
photo-oxidation can be identified in such a plot by when the emission intensity is seen
to increase, decline, and cease.
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CHAPTER 3

SUBSTRATE INFLUENCE ON PHOTO-INDUCED PROCESSES AND
THE PHOTO-CATALYTIC ACTION OF AL AND CR OXIDES

A number of substrates (without metal oxides) have been reported to impact
QD PFE [51, 60–63]. In fact, Cr oxide has been previously reported by members of
the UAH Nanophotonics group [58] to alter the rate of photo-oxidation in colloidal
QDs similar to those used in this research. However, the impact of Al oxide on the
PFE of such QDs is new and has only been reported by this researcher [16, 17].
In this research, photo-active substrates based on Al and Cr metal oxides
deposited on glass and single crystal Si wafers are used to probe the PFE of several types of colloidal QDs under different experimental conditions. The key feature
of these substrates is that their particular action with respect to the QDs is likely
dominated by a light-mediated catalytic interaction of the different materials. The
justification for this statement is partially based on the general material properties
of the Al and Cr oxides and their responses to irradiation. As such, this chapter is
devoted to providing a brief review of the literature that explains the complex role of
substrates with regard to QD PFE and presents additional details about the known
photo-catalytic action of the Al and Cr oxides. In Chapter 8, the results of this re-
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search and the unique action of the photo-active substrates are discussed to provide
a complete picture of their impact on QD PFE.

3.1

Impacts of Substrates on PFE
A significant amount of experimental evidence is available in the literature

detailing the wide variety of materials and methods used to alter or manipulate QD
emissions. It has been noted that a full theoretical description of the dynamics of QD
photoluminescence and PFE is still being sought [5]. This is due to the complexity
of QD photophysics and photochemistry combined with the fact that these collective
research efforts are conducted with different QDs under different experimental conditions. However, one key point from this body of knowledge is clearly applicable to the
research reported herein: substrates can influence QD PFE by altering the rates at
which the physical processes underlying PFE occur. This suggests that photo-active
substrates can potentially reveal aspects of the QD’s photoluminescence behavior that
are not apparent with other substrates.
The impact of various substrates on the photo-ionization of QDs and how this
influences PFE is well documented in the literature. This may be partially due to
the large interest in developing new technologies for which the physical configuration
requires a high density of QDs (e.g., a QD solid) or the QDs are embedded within
other materials. For example, when used as a replacement for molecular dyes (e.g.,
ruthenium-polypyridine) in dye-sensitized solar cells (DSSCs), the QDs are applied in
a thin multi-layer that is sealed between two dielectrics. This configuration provides a
very high QD density which promotes the formation of an efficient Coulomb blockade
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and isolates the QDs from environmental molecules, particularly water (oxygen), that
could passivate (photo-oxidize) the QD’s surface [4, 50, 57]. This fosters a situation
in which the Coulomb blockade strongly dominates the other physical processes that
can enhance or suppress PFE. Recent reports have also shown that substrates can
influence the efficiency of a Coulomb blockade via trapping of photo-ejected electrons,
discussed below in Section 3.1.1.
Less information exists in the literature for the role of substrates in the processes of surface passivation and photo-oxidation. In particular, surface passivation
due to the specific action of the substrate has only been reported for cases in which
the substrate is heated during a QD growth process [67–69]. This substrate heating
permits the same type of defect removal via surface restructuring that occurs during
photo-annealing; however, this substrate effect is not due to irradiation of the QDs
and is not applicable to the samples or methods used in this research. The impact of
the substrate on photo-oxidation in QDs is discussed below in Section 3.1.2.

3.1.1

Substrate Trapping of Photo-ejected Electrons
The impact of substrates on the Coulomb blockade has been attributed to

different substrate types providing different shallow and deep trap states [60–64].
These trap states have either short (shallow) or long (deep) neutralization times
and prevent photo-ejected electrons from returning to the photo-ionized QDs. The
electronic quantum energy states are specific to the impurity or defect that acts as
a trap for nearby charge carriers [70]. In particular, traps with long neutralization
times can significantly extend the period of time for which a QD remains ionized,
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thereby extending the duration of a Coulomb blockade and resulting in increased
PFE efficiency [51].
The physics underlying the reported effects can be seen by considering current
theory regarding these trap states in semiconductor materials. A trap is a localized
surface state having a high activation energy that is due an electronic defect in the
material surface. Trap states are commonly found in semiconductors (e.g., Si, GaAs)
and transition metals [70, 71]. Within the material, these traps act as non-radiative
recombination centers and typically lie mid-bandgap [70,72–74]; i.e., within the range
of the material’s Fermi level [75]. For example, these defects are known to impact
the performance in metal oxide semiconductor (MOS) semiconductor devices and
the transitions can be calculated from formation energies [72, 75]. When referring to
semiconductors, the Fermi level is commonly defined as the hypothetical energy of a
thermal equilibrium state that can be occupied by an electron with a 50% probability;
i.e., the energy, EF , such that the probability that a state of energy, E, is occupied
by an electron is precisely 1/2 [76, 77]:

f (E) =

1
1+

e((E−EF )/(kB T ))

=

1
1
=
0
1+e
2

(3.1)

Where f (E) is the Fermi-Dirac probability density function, kB is the Boltzmann
constant and T is the absolute temperature in units of Kelvin. Thus, the Fermi level
provides a reference for carrier occupancy of the allowed band states and/or defect
states in a material. From a thermodynamics perspective, the Fermi level represents
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the free energy of mobile carriers and is typically defined as the chemical potential of
electrons in the material, µi , given by [76, 78]:

µi =



∂G
∂ni



(3.2)

T,p,ni6=j

Where G is the Gibb’s free energy, T is the thermodynamic temperature, p is the
pressure, and ni (nj ) is the number of carriers of type i or j.
The presence of these traps near the semiconductor surface/interface leads to
regions of fixed charge that can scatter other charge carriers, thus reducing the photoelectric or photoluminescent efficiency of the materials or multi-material structures
(e.g., doped semiconductor quantum wells) by providing highly efficient non-radiative
pathways for charge carrier relaxation [72, 75]. Additional information on the theory
of substrate trap states, put forth by Mandelis, et al. [70] is provided in Appendix A.

3.1.2

Substrate Influence on Photo-oxidation
Photo-oxidation (a.k.a., photo-bleaching) and loss of quantum yield is well

documented in the literature for QDs that have been ligated and functionalized for
use in aqueous solution-based bioassays [10]. Similarly, various polymers/organic
films are known to oxidize QDs via chemical processes. Other research, such as
the work by Zimnitsky, et al., has shown that the encapsulation of QDs between
layer-by-layer LbL polymer films increases QD photo-oxidation. Further, Zimnitsky’s tests included a number of materials (Si, glass, poly dimethyl siloxane (PDMS),
and metals) and showed that the amount of photo-oxidation is independent of the
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polymer thickness or substrate [59]. The polymer films in that research consisted
of the polyelectrolytes, poly(allylamine hydrochloride) (PAH) and poly(sodium 4styrenesulfonate) (PSS) having the general arrangement: (PAH/PSS)n PAH /QD
/(PAH/PSS)n /PAH)). In both cases, this oxidation was attributed to the presence
of water or charged groups in the organic matrices surrounding the QDs rather than
the underlying substrate; including substrates that are themselves oxides (e.g. SiO2 ).
In fact, the authors suggest that the significant level of QD oxidation observed in the
photoluminescence spectra is due primarily to chemical and physical processes that
are not mediated by irradiation of the samples. For this reason, the authors do not
consider the impact to the photoluminescence to be a purely photo-oxidative effect.
An extensive search of the literature for the influence of the substrate on QD
photo-oxidation has revealed only similar reports. In fact, the only reports in the
literature, to date, of a direct substrate impact on photo-oxidation are based on the
research of members of the UAH Nanophotonics group [17,58]. For example, research
by Sadeghi, et al. [58] showed that substrates consisting of Cr oxide on glass can lead
to an abrupt increase of photo-oxidation rates in QD solids formed using colloidal
CdSe/ZnS core/shell QDs.

3.2

Photo-Catalytic Action of Al and Cr Oxide
A number of metal oxides are known to have distinct chemical and physical

behavior under irradiation, including light mediated catalytic actions, that make them
particularly useful for various applications such as those discussed in Chapter 2.
Recently published results by researchers in the UAH Nanophotonics Group, including
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work performed by the author and presented in this dissertation, have demonstrated
that two of these photo-catalysts, Al and Cr oxide, can also affect the PFE of colloidal
QDs [16,17,58]. Specifically, depending on their composition, substrates incorporating
Al and Cr oxide can promote or inhibit a specific set of photoinduced processes in
the colloidal QDs. For example, when the substrates are fabricated by depositing
an ultra-thin layer of Al oxide on Si, the Al oxide has been found to enhance the
photophysical and photochemical processes that are beneficial to QD PFE; leading to
a significant level of QD brightening [16]. On the other hand, when the metal oxide
layer consists of about 1 nm of Cr oxide on glass, the substrate can accelerate the
rate of QD photo-oxidation and produce a marked suppression of PFE [58].

3.2.1

Surface Property Terminology
Definitions of two key terms used to describe the surface properties of di-

electrics and semiconductors, and their interactions with light are needed before discussing the properties of Al and Cr oxide: fixed charge and specific surface area. The
first of these terms, fixed charge, refers to the charge associated with particular ions
that are present in the material [79]. These ions, by definition, possess charge and this
charge is physically constrained (i.e., fixed) to the position of the ions within the crystal lattice. Such fixed charges can occur at material interfaces and interact with free
charge carriers, thereby affecting the overall electronic properties of a system [79–81].
In particular, fixed charges in the metal oxide greatly influence the performance of
devices such as metal-oxide-semiconductor (MOS) devices. Such MOS structures can
possess fixed positive charge of ionized donors, fixed negative charge of ionized accep27

tors, mobile holes, and mobile electrons at their interfaces which significantly affect
energy transport at the metal oxide to semiconductor interface [80]. For example, in
Si-SiO2 structures, Si ions (Si atoms with unsaturated bonds) present in the SiO2 do
not exchange this charge across the interface; i.e., these Si ions provide a fixed charge
in the material. A schematic of a Si-SiO2 MOS structure showing such fixed charges
can be found in Figure 2 of the referenced work by Peng, et al. [81].
The second term, specific surface area, is used to quantify how much of the
material’s physical surface area is available for processes such as adsorption, catalysis,
and reactions to occur [82]. The specific surface area, SBET , is derived from the
Brunauer Emmett Teller (BET) equation [82].

SBET = nm NA am

(3.3)

Where NA is Avogadro’s number and am is the average area occupied on the surface
by an adsorbed molecule. In the literature, a material’s specific surface area may
be given in terms of surface area per mass or surface area per volume. Further, the
amount of fixed charge at a material’s interface is often reported in terms of an area
density: the number of fixed charge sites per interface area.

3.2.2

Aluminum Oxide
Al oxide is an amphoteric material (can act as an acid or base) which has

many chemical states (e.g., alpha, beta, and gamma) with different crystal structures
and properties. Al oxide is widely used as a catalyst for various chemical reactions
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including those mediated by light [83–85]. The surface characteristics of various thin
and ultra-thin layers of Al2 O3 have been documented in the literature [4, 83, 86].
Amorphous Al2 O3 has shorter bond lengths than the crystalline form and has no
grain boundaries [86]. The unit cell size of crystalline Al2 O3 has been reported as
5 x 5 x 13 nm [83, 86, 87]. This suggests that ultra-thin layers of Al2 O3 consist of
only a few molecules. For example, a 1 nm layer of amorphous Al2 O3 would consist
of approximately two molecules. Additionally, amorphous Al oxide has more defect
sites than crystalline Al oxide, thus increasing the number of sites on the surface at
which reactions can take place [84, 85, 87, 88].
Both amorphous and crystalline Al2 O3 have been successfully used as a support
material to enhance the photoresponse or photocatalytic activity of other materials
such as Fe2 O3 , ZrO2 , and TiO2 in a variety of applications. These applications include: to enhance the efficiency of organic pollutant degradation [86, 88], to enhance
the performance of semiconductor devices such as solar cells, metal oxide semiconductor (MOS) gates [87, 89, 90], and to increase the rate of hydrogen production during
photocatalysis of water in carbon cluster nanocomposites and various photocatalytic
systems (TiO2 , CuO/TiO2 , and Fe/Al2 O3 -MCM:41) [91–93] The ability of Al2 O3 to
enhance these photo-actions is attributed to the presence of Al2 O3 altering the electronic structures of the other materials resulting in larger specific surface areas, surface
positive charges, and enhanced visible-light photocatalytic activity in the supported
material. The primary mechanism for this change has been suggested to hinge on the
decay of electrons excited by visible light. For example, an electron decays from the
TiO2 to defect levels (traps) in the amorphous Al2 O3 rather than recombining within
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the TiO2 [87]. Additionally, research on metal-oxide-semiconductor (MOS) gates has
shown that defects at the interface between the Al oxide and other material have a
significant impact on gate performance. Such defects result in carrier scattering in
the channel that alters the device’s threshold voltage and that passivation of such
defects is critical to achieving efficient performance [75].

3.2.3

Chromium Oxide
Chromium is a magnetic metal which readily forms multiple different oxide

states; e.g., CrO (chromium II oxide), Cr2 O3 (chromium III oxide), CrO2 (chromium
IV oxide), and CrO3 (chromium VI oxide). These various Cr oxides are known catalysts [94, 95] and are widely used in chemical processes that require an oxidation
reaction. The ability of Cr oxides to catalyze these reactions has been attributed
to its high specific surface area, which has been reported in the range of 102 to 123
m2 /g for Cr2 O3 nanopowders, and chromium’s affinity for binding with oxygen [96,97].
Further, Cr oxide has been effectively used as an ultra-violet and visible light photocatalyst for the decomposition of various hydrocarbons [98].
Cr oxide is commonly used in its chromate form (CrO24 − ion) as a protective
metal oxide coating for Al, Zn, and Cd materials and is used in various other oxide
forms as a catalyst in industrial chemical processes including polymerizations and
oxidative dehydrogenation reactions [99–102]. Polymerization is a chemical reaction
in which precursor molecules (a.k.a., monomers) bind to form significantly larger
molecules comprising repeated subunits of the precursors. Common examples of
polymers include silicone, polystyrene, polypropylene, and polyethylene. Cr oxides
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are the catalysts for one type of Phillips polymerization reactions in which the Cr
oxide catalyst polymerizes an olefin (an unsaturated hydrocarbon such as oleic acid)
[95]. The resultant polymers consist of various combinations of carbon and hydrogen
atoms, often with oxygen atoms present in the polymer backbone (e.g., polyethylene
glycol) [95]. For oxidative dehydrogenation reactions, an oxidation reaction is used to
strip a given molecule of its hydrogen atoms. For example, in research by Al-Zahrani,
et al., Cr oxides were used to convert propane (C3 H8 ) to propene (C3 H6 ) which is a
critical raw material for the manufacture of polypropylene plastics [102]. Research
by Jibril, et al. used Cr oxides to convert isobutane (C4 H10 ) to isobutene (C4 H8 )
which is necessary for the production of materials such as methacrylates and gasoline
additives [101].
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CHAPTER 4

EXPERIMENTAL METHODS AND MATERIALS

The materials and methods used to conduct the various tests comprising the
experimental portion of this research are described in this chapter. Tests were conducted in the UAH Nanophotonics laboratories housed within the Optics Building
(OB) (rooms OB221 and OB243). Samples were fabricated in the UAH Nano and
Micro Devices Center (OB first floor). Experimental setups were designed, assembled,
and verified by the author to support the data acquisition requirements of these tests.

4.1

Experimental Design
Determining the affect of the Al and Cr photo-active substrates (Al-PAS and

Cr-PAS) on the QD’s PFE is accomplished by measuring spectral data over a fixed
period of time for which the excitation irradiance is held constant. With constant
irradiation, analysis of the results in a quasi-steady state regime is appropriate. Imagery data supplements the spectral data by providing a confirmation of the physical arrangement of QDs on the sample surface, permitting the spatial tracking of
SQD emissions over time, and providing a clear, intuitive indication of the differ-
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ences between the QD’s behaviors on the photo-active substrates versus the reference
substrates.
To meet the objectives of this research, tests explored different types of QDs,
QD concentrations, photo-active substrates, excitation irradiances, and excitation
wavelengths. To quantify the changes in QD PFE, the peak wavelength, peak intensity, and FWHM over time are first calculated from the spectral data and then
analyzed in terms of the particular regimes explored by the tests; e.g., low versus high
excitation irradiance. Standard fluorescence measurements techniques were used to
collect the data. The experimental setups were designed to optimize the collection of
the QD emission signals within the practical limits of available equipment and space
on the optics bench.

4.2

Measuring QD Fluorescence in Thin Films
The quantum efficiency or fluorescence quantum yield (QY) is defined as the

ratio of photons emitted to photons absorbed and, as such, represents the probability
of exciton radiative decay in the emitter. The general measurement method described
by Williams, et al. is often used and determines the QY of a particular fluorophor
relative to standard references [103]. In this method, samples of the test fluorophor
and reference are prepared such that they possess the same absorbance at the excitation wavelength and have similar wavelength emission peaks. This maximizes the
comparability between the excitonic transitions of the test and reference fluorophors.
The emission intensities, in units of digital number or counts, of both fluorophors are
measured using either a calibrated spectrometer or monochromator under the same
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test conditions. The QY of the test fluorophor is then calculated as the ratio of the
test flourophor’s integrated fluorescence intensity (i.e., the area under the measured
fluorescence spectra) to that of the reference fluorophor, given by [103]:

QYtest
mtest ntest 2
=
QYref
mref nref

(4.1)

Where, QYtest is the quantum yield of the test fluorophor, QYref is the documented
quantum yield of the standard reference fluorophor, and ntest and nref are the refractive indices of the solvents used with each fluorophor. mtest and mref are the
slopes of the lines obtained by plotting the integrated fluorescence intensity of the
test and reference fluorophors, respectively, versus the absorbance maxima measured
at incremental concentrations.
While simple in principle, there are a number of practical hurdles to obtaining
reliable quantum yield (QY) measurements. All absorption and emission spectra
must be measured with the same optical path length, excepting the refractive indices
of the solvents. Measurement of the integrated fluorescence intensity requires either
the use of an integrating sphere, with the sample placed inside, or complex angular
corrections in the test apparatus [104]. The integrated fluorescence intensity versus
absorbance plots should result in a straight line having a single slope, m, such that this
slope is proportional to the flourophor’s quantum yield. Further, the solvents used
with each fluorophor are often necessarily different and their respective refractive
indices must be known. These points emphasize that the above method inherently
assumes that the fluorophors are in solution. All the samples used in this research
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consist of thin films of QDs deposited on various substrate materials. This can present
additional challenges to measuring fluorescence quantum yield [49,105]. For example,
the quantum yield was shown to be less for QDs in thin films versus their quantum
yield obtained in solution, even for films consisting of very high concentrations [38].
As the goal of this research is to determine the differences between QD emissions in the presence and absence of the metal oxides, measuring an absolute fluorescence quantum yield is not necessary. Rather, analysis of the data in terms of
relative quantities and examination of how these relative quantities evolve over time
is sufficient. Specifically, the amount of PFE and the emission enhancement factor,
Eenh , relative to an appropriate reference (control) sample can be calculated in place
of an absolute fluorescence quantum yield.
The PFE is defined as the ratio of the peak emission intensity over time of the
QDs on substrates incorporating a metal oxide to that of the initial peak emission
intensity of the QDs on the applicable reference substrate. Eenh is defined as the
ratio of the peak emission intensity on a metal oxide to the reference substrate at all
irradiation times. These quantities represent the relative quantum yield of the QDs
in the thin films. To see this, a simple rate model of exciton generation in an isolated
QD may be used.

dnexc
= −(γr + γnr )nexc + Iabs
dt

(4.2)

Where nexc is the exciton population, γr is the radiative decay rate, γnr is the nonradiative decay rate, Iabs is the amount of light absorbed, and t is time. For a constant
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excitation source irradiance, as was used in this research, the steady state solution is
nexc =

Iabs
γr +γnr

and we have the corresponding QY given by:

QY :=

Iemiss
γr nexc
=
Iabs
Iabs

(4.3)

Calculating the ratio of the QY over time on a metal oxide relative to that on the
reference substrate, results in:

QYmo
=
QYref

Iemiss,mo (t)
Iabs,mo
Iemiss,ref (t)
Iabs,ref

(4.4)

Where Iabs is proportional to the excitation source intensity and can be assumed to
be the same for the QDs on the metal oxide and reference substrates. Simplifying
Eqn. (4.4), an expression for the relative QY of the QDs on a metal oxide to the
QY of the QDs on the reference, the definition of the enhancement factor (Eenh ), is
obtained.

Iemiss,mo(t)
QYmo (t)
=
= Eenh
QYref (t)
Iemiss,ref (t)

(4.5)

Similarly, but replacing QYref (t) with QYref (t = 0) in the denominator of Eqn. (4.5),
the quantity defined above as the PFE is obtained.

Iemiss,mo (t)
QYmo (t)
=
= PFE
QYref (t = 0)
Iemiss,ref (t = 0)
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(4.6)

4.3

Sample Fabrication
The clean-room facilities and various equipment provided by the UAH Nano

and Micro Devices Center (NMDC) were used to fabricate the sample substrates used
in this research and to deposit thin films of colloidal QDs. Photo-active substrates
were created by sputtering an ultra-thin layer of metal onto a base-substrate material. QDs were applied via spin coating. The CdSe-based colloidal QDs used in this
research were obtained from multiple commercial sources. A chemical bench was used
to prepare the different QD solution concentrations used in spin coating. All setup,
maintenance, calibrations and verifications of the NMDC equipment are conducted
by NMDC staff. Additional information regarding the equipment used is provided in
Appendix B.

4.3.1

Substrates
Photo-active substrates consisted of either Al or Cr oxides on base-substrates

of Si or borosilicate glass. Samples were prepared by sputtering an ultra-thin layer
of metal (Al or Cr) onto masked base-substrates. The thicknesses of these layers
are calculated from the calibrated deposition rates of the sputter machine for each
metal. The substrates were subsequently exposed to air to permit formation of the
metal oxide. Masks were used to provide both the test point (with metal oxide)
and the reference point (no metal oxide) on a single physical sample (depicted in
Figure 4.1). For one test, an additional SiO2 dielectric spacer was sputtered over the
entire substrate prior to spin coating for the purspose of physically separating the
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Figure 4.1: Top and side view schematics of the masked substrates and spin coating.

QDs and metal oxide layer. The materials and sources used for generation of the
photo-active substrates are identified in Table 4.1.
Material
Coverslip

Si wafer

Al
Cr
SiO2

Description
Schott D263M Borosilicate coverglass No. 1, 22
x 22 mm
Single crystal,
single
side
polished,
p-type/<111>
3 in. sputter target
3 in. sputter target
3 in. sputter target

Supplier
Ted Pella, Inc.

Part No.
260341

Ted Pella, Inc.

16013

Kurt J. Lesker, Co.
Kurt J. Lesker, Co.
Kurt J. Lesker, Co.

Table 4.1: Substrate Materials

38

EJTALXX503A4
EJTCRXX353A4
EJTSIO2453A4

The sputterer tool calibrated deposition rates were: Al, 0.13 nm/s; Cr, 0.219
nm/s; SiO2 , 0.059 nm/s. All sputtering was performed in a non-reactive Argon gas
at a pressure of 5.0 mtorr. A presputter time of 60 seconds was used for all materials.
Sputter times for each material are provided in Appendix B.

4.3.2

QD Deposition
Sample fabrication is complete after QDs are applied to a particular substrate

via spin coating. Spin solutions consisted of either a QD-toluene or QD-PMMAtoluene solution in which the concentration of QDs was varied as needed. Spin coating
was performed with a Brewer Science Cee 100 Spin Coating System. An Eppendorf
variable volume pippette is used to drop 10 µl of a particular QD solution onto the
center of the substrate prior to activating the spin cycle. An initial volume of 10 µl was
experimentally determined to provide a sufficiently large area of uniform coverage on
the masked substrates to permit irradiation of the test point without causing photoactivation of the reference point. Additionally, as QDs can degrade when exposed to
certain environmental conditions, all tests were performed shortly after spin coating
was completed to ensure a consistent quality of the QDs in each sample. Additional
information regarding the spin parameters used to deposit the QDs is provided in
Appendix B.
The QDs used for the various tests were CdSe-based colloidal QDs formed via
each manufacturer’s proprietary organometallic chemistry techniques. As previously
mentioned, QDs may be synthesized having either a core or core/shell arrangement
and with or without ligands. Four different QDs were used in these experiments;
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two having a CdSe core and two having a trinary CdSx Se1−x core. Three of the QD
types also possessed a ZnS shell. All QDs were ligated. The QD compositions are
summarized in Table 4.2. For columns Em. Peak A and Em. Peak B the excitation
wavelengths were 514 nm and 488 nm, respectively.
Label

Mater.

Ligand

Source

Stock

QD1

CdSe

Liquid

QD2

CdSe
/ZnS

QD3

CdSx
Se1−x
/ZnS
CdSx
Se1−x
/ZnS

octadecyl
amine,
2 nm
octadecyl
amine,
2 nm
oleic
acid,
1-2 nm
COOH,
1-2 nm

10 mg
in 5 ml
toluene
10 mg
in 5 ml
toluene
10 mg
in 5 ml
toluene
5
mg
in 5 ml
toluene

QD4

Powder

Liquid

Liquid

Em.
Peak A
636 +/3 nm

Em.
Peak B
626 +/3 nm

Core
Diam.
2.73.2 nm

626 +/2 nm

629 +/- 3-4 nm
2 nm

627 +/2 nm

638 +/- 3.52 nm
5.5 nm

665 +/2 nm

668 +/- 4-5 nm
2 nm

Table 4.2: Manufacturer Specifications and Measured Spectral Properties

The above structural information is taken from the manufacturer’s specifications for each QD. QDs were received in either liquid (toluene solvent) or powder
form as indicated in the Source column. The emission peaks were measured for each
QD type using samples consisting of 10 µl of a 1/5 concentration of the Stock solution
diluted in toluene and drop cast onto a clean borosilicate glass substrate. Emission
spectra were collected for each QD excited by the same laser sources that were used
in the test measurements and at an irradiance such that photo-oxidative blue shifting
was not evident: 488 nm at 7.3 mW/cm2 ; 514 nm and 9 mW/cm2 .
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QDs were obtained from NN Labs, LLC, Ocean NanoTech, LLC., Cyto Diagnostics, Inc., and Sigma Aldrich for QDs 1-4, respectively. In the case of QD4,
the QDs were originally synthesized by CytoDiagnostics, Inc. and further processed
by Sigma Aldrich. Specifically, the QDs were annealed after the original ligand (not
identified) that had been applied by CytoDiagnostics during synthesis was replaced
with a COOH functionalized ligand.

4.4

Experimental Setup
Custom setups were assembled to collect the required spectral or imagery data.

The core components of the experimental setups are shown in Figure 4.2. A dichroic
mirror is used to excite the sample and collect the emissions through a single optic
(objective lens). Relay and field lenses are used to direct the QD emissions to the
sensor with minimal vignetting. Bandpass and high pass filters remove the residual
excitation light transmitted toward the sensors by the dichroic mirror. Various light
blocks were constructed to isolate the sensors from ambient light. A dark reference
was captured so that any residual background could be removed from the spectral
and imagery data. Figure 4.3 shows photographs of one such setup assembled and
used to capture images of SQDs.
Laser excitation was provided by two Argon-ion lasers. The 514 nm emission
line of a tunable SpectraPhysics DCR-11 water-cooled laser was used in the laboratory
setups. A 488 nm emission line SpectraPhysics SP-161/162 air-cooled laser was used
in a similar setup. For the SQD imaging, a cage system providing two perpendicular
arms was assembled to provide the excitation and collection paths. A red/green
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Figure 4.2: Schematic of experimental setup for collecting spectra and imagery
located in OB221 with a zoomed view of the objective lens and sample. The setup in
OB243 consists of the components labeled Spectra.

dichroic filter was placed at the junction of these two arms such that (a) the incoming
laser beam was incident perpendicular to the sample plane, and (b) the QD emissions
were directed toward the camera or, optionally, a spectrometer. A front view of the
entire setup is provided in Figure 4.3a. A closeup view of the path taken by QD
emissions is provided in Figure 4.3b for a drop cast sample. A longpass filter was
used to take the photo shown in Figure 4.3b so that the QD emissions could be seen
along the full path of the setup’s sensor arm. A closeup view of the sample and
microscope stages is provided in Figure 4.3c. For the arrangements where imaging
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was not performed, the opto-mechanics of the excitation and collection arms could
be greatly simplified; e.g., the microscope stage shown in Figure 4.3d.
Filters were used to remove residual excitation light and protect the detectors:
bandpass dielectric filters (Thorlabs, cut-on approx. 600 nm) and longpass colored
glass filters (Newport, cut-on approx. 550 nm). The detectors used in the various
setups are a Thorlabs DCU223C digital video camera, an Ocean Optics USB4000
spectrometer, and a BWTEK BTC112E thermo-electrically cooled spectrometer. The
60x, 0.85 NA microscope objective was used in all cases when capturing imagery. The
20x, 0.4 NA microscope objective was used when collecting only spectral data.

4.4.1

Alignment and Calibration
Standard methods were used to install and align the excitation sources (lasers),

optical elements, and sensors in order from the excitation source toward the sensor.
As each element was inserted, the height and angle (azimuth, elevation) of the laser
beam was adjusted to provide a path parallel to the optics bench (unless the element
was intended to raise the height of the beam) and lateral redirections were performed
at 90 degrees. Lenses, filters, and microscope objectives were aligned to the optical
axis defined by the incident laser beam. Sensors were aligned to the optical axis
defined by the returned QD emissions using a surrogate sample consisting of drop
cast QDs on glass. Fine alignment of the spectrometer fiber was accomplished via
micrometer adjustments of the height and tip/tilt until saturation was achieved at the
spectrometer’s minimum supported integration time. Similarly, micrometer driven
stages were used to provide any fine adjustment of the camera mount necessary to
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Figure 4.3: Photographs of experimental setups. OB221 setup used for imaging
SQDs (a) showing the path of the laser. Closeup of the microscope/sample stages
for the SQD imaging setup (b). General spectra collection setup with simplified
microscope stage (c), filtered to show the emissions from a drop cast QD sample.
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Figure 4.4: Resolution chart under white light, rear illumination using the Thorlabs
DCU223C digital video camera and a 550 nm longpass filter.

ensure even illumination across the field of view. A standard transmission type USAF
1951 resolution chart (white light, rear illumination) was used to verify that the
objective lens axis was perpendicular to the sample stage axis. Elements 5 and 6 of
group 7 were photographed to establish the physical dimensions of features on the
sample in microns per pixel. For example, element 6 of group 7 is 228 line pairs per
mm; i.e., approximately 10.96 µm for the pattern of 2.5 line pairs. Figure 4.4 depicts
the rear illuminated resolution chart at the lowest system magnification.
The focused spot size for each microscope objective was measured via a standard knife edge test so that the irradiance at the sample plane could be calculated.
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The theoretical spot size (diameter) and depth of focus for a general microscope
objective are given by Schillaber as [106]:

dAiry =

(1.22λ)
NA

√
λ n2 − NA2
δz =
NA2

(4.7)

(4.8)

Where n is the refractive index of the medium and NA is the numerical aperture which
characterizes the maximum cone of light that can enter or exit the optic. Equation
(4.8) combines the contributions of geometrical and wave optics to described the depth
of field. The spectral and imaging setups are implemented such that the microscope
objective is the limiting aperture. As such, the objective’s Airy disk determines the
theoretical resolution limit for data collection. Table 4.3 provides the Airy diameter
and depth of field values computed for the Argon laser (excitation source) wavelength
of 514 nm, a Helium-Neon (HeNe) laser, and QD emissions at a nominal emission
wavelength of 640 nm.
Objective
NA

0.60
0.85

Airy Diameter
(µm)
514 nm
1.05
0.74

632.8 nm
1.29
0.91

640 nm
1.30
0.92

Depth
of Focus
(µm)
514 nm
632.8 nm
1.14
1.41
0.37
0.46

Table 4.3: Resolution and Depth of Focus
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640 nm
1.42
0.47

Based on the spot sizes shown in Table 4.3, a target density of no more than
one QD per square micron is sufficient to obtain resolvable SQD photos using the
0.85 NA objective.

4.4.2

Spectral and Image Data Processing/Preprocessing
Prior to data capture, a dark reference is obtained using a sample identical to

the test sample with the exception that QDs are not deposited on the sample. The
excitation conditions and data capture settings of the sensor (e.g., microscope focus,
spectrometer integration time, camera exposure time, etc.) are identical for both the
dark and sample measurements.
Spectral data was recorded in terms of the photo-electrical response (i.e.,
counts) of the spectrometer’s detector. The spectrometer software’s dark subtraction function is used to remove background noise. For a given sample type, multiple
independent measurements of the QDs on the metal oxide are made and the averages reported. All un-normalized emission intensities are reported in terms of the
measured counts and have arbitrary units. To facilitate analysis, the peak emission
relative intensity, peak emission wavelength, and FWHM were calculated from the
collected spectral data and plotted versus time using custom Matlab code written by
UAH undergraduate students N. Hamilton and B. Hood. The Ocean Optics USB4000
utilizes a Toshiba TCD1304AP linear CCD-array detector with an effective range of
200 to 1100 nm. Per the manufacturer’s specification, this detector provides: 3648
pixels (1 pixel = 8 µm x 200 µm) with a well depth of 100,000 electrons per pixel;
99.8% corrected linearity; sensitivity of 130 photons/count at 400 nm and 41 pho47

tons/count at 600nm. The BWTEK BTC112E thermoelectrically cooled, linear array
spectrometer utilizes a silicon CCD-architecture. Per the spectrometer’s specification,
the CCD provides 2048 pixel elements (1 pixel = 14 µm x 200 µm), maximum optical
resolution of 0.3 nm, and an effective range of 300 to 850 nm. No OEM part number
or additional information was provided for this particular CCD array.
In the case of imagery data, an initial analysis of the imagery was performed
to determine whether dark subtraction was required for the data series. In most
cases, dark subtraction of the background (bias signal) was not required due to the
use of light blocks and the ability to adjust camera parameters related to the image
visibility. When needed, the dark reference frame was subtracted from the data frames
using custom Matlab code written by the author. Individual frames of each data set
were extracted and rendered as 3D plots for a more examination of the behavior of
individual QDs.

4.4.3

Verification of SQD Imaging
Various images were captured at different concentrations to verify the capabil-

ity of capturing SQD emissions with the imaging setup. Figure 4.5 depicts a typical
image captured for SQD samples and Figure 4.6 depicts a typical image captured for a
QD solid formed via drop casting. Imagery was taken using the Thorlabs DCU223C
camera with a 350 ms integration time (SQD) and a 35 ms integration time (QD
solid).
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Figure 4.5: Image of SQD emissions captured for QD1 on 1 nm Al and a Si basesubstrate. Frame is 46.5 x 46.5 µm.

4.4.3.1

Obtaining SQD Images

As mentioned in Chapter 1, a degree of serendipity played a role in prompting this research. Some early observations showed that certain CdSe/ZnS core/shell
QDs deposited on a substrate consisting of 1 nm of Al oxide on glass (Al/G) were
dramatically brighter than on the bare glass substrates. In particular, when samples consisted of a very low concentration of such QDs, the emissions on the Al/G
substrates were sufficiently bright for image capture while the emissions on bare glass
were not. Unfortunately, these specific QDs were not available for further, rigorous
testing. Bearing this in mind, the data shown below does not factor into the con-
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Figure 4.6: Image of QD solid emissions captured for QD1 on 1 nm Al (Si basesubstrate). Frame is 46.5 x 46.5 µm.

clusions drawn from this research; rather, the data is presented to show a small but
important step in the early stages of this research.
The QDs used in these samples were a CdSe/ZnS core/shell structure having
an octadecyl amine ligand and an emission peak of approximately 639 nm. Very
dilute concentrations of the QDs in a toluene and PMMA solvent were prepared to
generate samples for which SQD emission is the dominant regime. The density of the
QDs in the spin solution was calculated to be approximately 0.6 x 101 4 QDs/cm3 .
Under these conditions, the interdot separation on the samples was measured to be
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Figure 4.7: Image of QD5 emissions on 1.0 nm Al/G at an excitation irradiance of
approximately 34 W/cm2 . Frame is 14 x 14 µm.

approximately 1 QD per 2.5 x 2.5 (+/- 0.1) µm area. A typical example of this
interdot separation is shown in Figure 4.7.
Samples were irradiated with the 514 nm Ar-ion laser at high (34.3 W/cm2 )
and low (4.3 W/cm2 ) excitation irradiances. Imagery data was collected in a series
of still frames using the imaging setup located in OB221 with a Nikon D80 camera.
Camera focusing was performed near the edge of the spin coating area to avoid irradiation of the QDs prior to data capture. A dark frame was captured using a Al/G
substrate with no QDs. This background level was subtracted via Matlab. For excitation at 34.3 W/cm2 still frame images were captured with an exposure time of 30
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Figure 4.8: Evolution of the emission RGB volume (full aperture) for QD5 (peak
wavelength approx. 639 nm) on 1 nm Al (glass base-substrate) excited at 34.3 W/cm2 .

seconds and a between-frame interval of 55 seconds. The total duration of irradiation
was 65 minutes. In the case of excitation at 4.3 W/cm2 , a longer integration time
of 2 minutes was required; resulting in a between-frame interval of 4 minutes and a
total duration of 90 minutes.
Each image was converted to a 3D surface and integrated to provide the volume under the surface; facilitating analysis of the ensemble’s behavior of over time.
Computed volumes for each frame in a data series were normalized to provide a relative intensity of the SQD ensemble’s emissions; providing a quantity comparable to
the peak relative intensity measured by the spectrometer. Figure 4.8 and Figure 4.9
depict the progression of this RGB volume for the full aperture over time for the cases
of high and low excitation, respectively.
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Figure 4.9: Evolution of the emission RGB volume (full aperture) for QD5 (peak
wavelength approx. 639 nm) on 1 nm Al (glass base-substrate) excited at 4.3 W/cm2 .

These results show that the QD emissions exhibit the expected behaviors in
response to high and low field excitation. Specifically, the characteristic fall-off due
to photo-oxidation is seen at high excitation intensity but not for the low excitation
intensity case. In both cases, however, the relative intensity can be seen to fluctuate
between frames on a time scale that is significantly longer than the inherent blinking
rate, referred to as fluorescence intermittancy, of the CdSe/ZnS QDs. Fluorescence
intermittancy arises from fast ionization processes (discussed further in Chapter 8) in
which the QD transitions between emissive and non-emissive states on timescales of
10s to 100s of nanoseconds [1]. Long term or persistent darkening, on timescales up
to 5 hours, has also been reported and attributed to slow ionization processes [107].
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Figure 4.10: Evolution of the emission RGB volume (subimage) for QD5 (peak
wavelength approx. 639 nm) on 1 nm Al (glass base-substrate) excited at 34.3 W/cm2 .
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Figure 4.11: Evolution of the emission RGB volume (subimage) for QD5 (peak
wavelength approx. 639 nm) on 1 nm Al (glass base-substrate) excited at 4.3 W/cm2 .
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Subimages were rendered as 3D surface plots to compliment this way of viewing
the data. The z-axis of the 3D plots represent a greyscale value (relative intensity)
computed from the RGB data. Five sequential frames out of the time series are shown
for each case. For the case of 34.3 W/cm2 , Figure 4.12 shows plots of the first five
frames of the data series corresponding to the first five bars of Figure 4.10. Long
timescale blinking is immediately apparent when comparing the plots for each time.
Additionally, one of the four peaks seen in the plot is significantly brighter than the
others. For excitation at 4.3 W/cm2 , the emissions are much weaker and 3D plots
of the first several frames do not show clear differentiation of the SQD peaks. At
later times, however, the emissions are sufficiently bright and blinking can be seen.
In particular, the plots given in Figure 4.13 for the last five frames in the series (last
five bars shown in Figure 4.11) show clear blinking and two distinct peaks; one near
the center and one near the edge of the subimage.
Since the timescale of fluorescence intermitancy is significantly less than the
integration times used to capture these images, fluctuation of the relative intensities
of the peaks between frames is due to the cumulative effect of multiple bright/dark
cycles. The brightest peak shown in Figure 4.12 grows to a maximum of about 70
(t=170 seconds), shrinks to a minimum value of about 35 (t=340 seconds), and grows
again to almost 70 (t=255 seconds). The fluctuations of the peak’s relative intensity
occur without a consistent period and are damped; i.e., the magnitudes of the bright
and dim peaks decrease over time until the QD ceases to emit. Note that the relative
intensities of the smaller two peaks shown in Figure 4.12 can be bright or dim at
different times than the largest peak and a different times from each other. Further,
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the individual QDs in a stack or closely packed cluster of QDs are very unlikely to
exhibit synchronized fluorescence intermittancy (all QDs bright/dark at the same
time). The peak associated with such a stack of QDs is unlikely to fluctuate; rather,
the peak would grow or shrink in a steady manner that is similar to how PFE can
change over time. Thus, the presence of long timescale blinking confirms that the
peaks are most probably due to emissions from SQDs.
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Figure 4.12: 3D Plots of t=0 to t=255 seconds for QD5 on 1 nm Al/G exited at
34.4 W/cm2 .

57

Figure 4.13: 3D Plots of t=3600 to t=5040 seconds for QD5 on 1 nm Al/G excited
at 4.3 W/cm2 .
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CHAPTER 5

IMPACT OF AL OXIDE ON THE PFE OF CADMIUM SELENIDE
QUANTUM DOTS

The investigation of how the emissions of colloidal QDs may be impacted by
an ultra-thin layer of Al oxide began with examining the behavior of a core-only
QD, QD1, on an Al/Si substrate consisting of either 0.5 nm or 1.0 nm of Al oxide.
This behavior was compared to the QD’s behavior on bare Si. The core-only QD
was selected for these initial investigations since the lack of a shell makes the QD
more susceptible to photo-induced processes (as discussed in Chapter 2). The results
presented below show that the Al oxide can enhance QD1’s PFE. Additional tests
were performed to further explore the conditions in which such enhancement can
occur. For all tests presented in this chapter, the concentration of QDs in the spin
solution was 12.6 x 1017 QD/cm3 which provides an interdot spacing on the sample
that is small enough to permit the formation of an efficient Coulomb blockade; i.e.,
the high concentration limit. In this limit, key information regarding the impact of
Al oxide on the formation of a Coulomb blockade can be obtained.
The irradiance of the laser at the sample plane is calculated from the measured
laser power and spot size, and is provided in units of W/cm2 for each test. The samples
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were illuminated with an Ar-ion laser (514 nm at 9.6 W/cm2 ) perpendicular to the
sample plane soon after spin coating was completed such that irradiation of the test
and reference points were independent. All tests were conducted in air. Reported
averages consist of 5-10 independent measurements. Results for the QDs on the
photo-active substrates (Al oxide layer on Si) are labeled Al/Si and the QDs on bare
Si are labeled Si.

5.1

QDs in Physical Contact with Al oxide
Two thicknesses of Al oxide were initially considered to explore the general

case in which the QDs are in physical contact with an Al oxide layer of either 0.5 or
1.0 nm. Spectra were recorded beginning when the QDs were first excited (t=0) and
every 15 seconds for a total period of 30 minutes. The integration time was 50 ms
for all measurements. The reported emission peak intensity, peak wavelength, and
FWHM versus time were calculated in Matlab from the raw spectra and averaged
over all samples of each type. Figure 5.1 shows how the QD’s emission evolves over
the period of irradiation on each substrate. Figure 5.1a shows a dramatic level,
approximately 70 times the intensity at t=0 seconds on the Si reference (I0 ), of PFE
for the QDs on a substrate of 0.5 nm Al/Si after 30 minutes of irradiation; providing
approximately 5 times enhancement over the final PFE seen for these QDs on Si.
The impact of the Al oxide becomes clearer when considering Eenh , shown in
Figure 5.1b. At initial times, Eenh for 0.5 nm Al/Si reaches a maximum of 5.5 and
then decreases at approximately 30 seconds, up to 3 minutes, before again showing a
steady increase until the end of the irradiation period where Eenh = 4.9. The slope
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Figure 5.1: (a) Normalized intensity vs. time of CdSe (QD1, concentration 12.6 x
1017 QD/cm3 ) on 0.5 nm Al/Si, 1.0 nm Al/Si and Si substrates over 30 minutes of
irradiation at 9.6 W/cm2 . Intensities are normalized to the initial intensity measured
on the reference (I0). (b) Emission enhancement factor, Eenh , vs. time for the data
presented in (a). Legend: 0.5 nm Al/Si red line; 1.0 nm Al/Si blue line; Si black
dashed line (in (a) only).
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changes seen in Eenh are due to changes in the relative rates of PFE between the QDs
on Al/Si and Si. A negative slope indicates that the rate of PFE is greater on Si than
on Al/Si at those times and a positive slope indicates that PFE is greater on Al/Si.
This suggests that the impact of the Al oxide is immediately apparent and the initial
PFE experienced by the QDs on Al/Si occurs at a rate that is significantly greater
than the initial PFE found on Si.
The results obtained for 1.0 nm Al/Si followed the same pattern as those of
0.5 nm Al/Si. While the PFE on 1.0 nm Al/Si was significant and approximately
3.6 times that on Si, the result was not as dramatic as that seen for the case of
0.5 nm Al/Si. Additionally, from Figure 5.1b, the initial rate of PFE on 1.0 nm Al/Si
decreased relative to the rate of PFE on Si more rapidly than was the case for 0.5 nm
Al/Si and achieved a lower final value.
Since the 0.5 nm and 1.0 nm thicknesses of Al oxide provided different levels
of PFE enhancement, two additional thicknesses of Al oxide were examined: 1.5 and
2.0 nm. Thicker layers of Al were not considered since, for thicknesses above 2.0 nm,
the Al layer is highly visible and has a mirror-like quality. As can be seen in Figure 5.2,
the PFE obtained for 2.0 nm Al/Si is approximately 1.7 times that on Si. Further,
the initial brightness of the QDs is only slightly higher than that seen on Si and does
not increase much over the 30 minutes of irradiation. In contrast to these results,
a clear suppression of the PFE is seen for the case of 1.5 nm Al/Si thickness; the
emissions decrease relative to those on Si starting shortly after irradiation begins and
continue to decline over the 30 minute period attaining a final value of Eenh = 0.6.
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Figure 5.2: (a) Normalized intensity vs. time of CdSe (concentration 12.6 x 1017
QD/cm3 ) on 1.5 nm Al/Si, 2.0 nm Al/Si, and Si substrates over 30 minutes of irradiation at 9.6 W/cm2 . Intensities are normalized to the initial intensity measured
on the reference (I0). (b) Emission enhancement factor, Eenh , vs. time for the data
presented in (a). Legend: 1.5 nm Al/Si black line; 2.0 nm Al/Si green line; Si black
dashed line (in (a) only).

Additional information regarding the physical processes underlying the dramatic PFE enhancement seen for 0.5 nm Al/Si, with implications for the PFE on
the other thicknesses, may be obtained by examining how the spectra change over
the period of irradiation. The emission peak wavelength and FWHM over time for
each substrate are shown for 0.5 nm Al/Si and 1.0 nm Al.Si in Figure 5.3 and for
1.5 nm Al/Si and 2.0 nm Al/Si in Figure 5.4. Data for the QDs on the Si reference
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are shown in both figures. As can be seen in Figure 5.3a and Figure 5.4, the FWHM
of these QDs undergoes different amounts of broadening on the different substrates.
In particular, the FWHM for both the 2.0 nm Al/Si and Si cases (Figure 5.4) can
be seen to undergo a large, rapid broadening between t=0 and t=0.5 minutes. The
QDs exhibit spectral blue shifts for all substrates (Figure 5.3b and Figure 5.4b) with
the largest blue shift of approximately 12 nm seen on 0.5 nm Al/Si and a shift of
about 3-4 nm on the other substrates. From the background provided in Chapter 2,
blue shifts accompanied by broadening are indicative of either photo-ionization or
photo-oxidation processes. Given such results, a Coulomb blockade can be expected
to play a significant role in the PFE of these QDs on Al/Si and Si. This point is
explored further in Chapter 6.
The spectral changes in the QD emissions on each substrate become clearer
when directly comparing the initial and final spectra, shown in Figure 5.5, and by
recalling that all spectra were measured with the same integration time. The magnitude of relative intensity of the QDs at t=0 and t=30 minutes on 0.5 and 1.0 nm
Al/Si are significantly higher than on the other substrates, as is expected from the
PFE plots of Figure 5.1a and Figure 5.2a. Further, only blue shifts are evident and
there is no significant change in the emission lineshape to suggest the presence of
other photo-induceed processes such as interdot FRET.

5.2

QDs Isolated from the Al oxide
Recall that when the excitation irradiance is low, the effects of photo-oxidation

are minimal and the primary mechanisms influencing PFE are surface passivation and
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Figure 5.3: (a) FWHM vs. time of CdSe (concentration 12.6 x 1017 QD/cm3 ) on
0.5 nm Al/Si, 1.0 nm Al/Si, and Si substrates over 30 minutes of irradiation at 9.6
W/cm2 . (b) Emission peak wavelength vs. time. Legend: 0.5 nm Al/Si red line;
1.0 nm Al/Si blue line; Si black dashed line.
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Figure 5.4: (a) FWHM vs. time of CdSe (concentration 12.6 x 1017 QD/cm3 ) on
1.5 nm Al/Si, 2.0 nm Al/Si, and Si (same as Figure 5.3) over 30 minutes of irradiation
at 9.6 W/cm2 . (b) Emission peak wavelength vs. time. Legend: 1.5 nm Al/Si purple
line; 2.0 nm Al/Si green line; Si black dashed line.
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Figure 5.5: Average spectra of CdSe (concentration 12.6 x 1017 QD/cm3 ) on various
thicknesses of Al/Si substrates and Si at times t=0 (red line) and t=30 minutes (blue
dashed line) of irradiation at 9.6 W/cm2 . (a) 0.5 nm Al/Si, (b) 1.0 nm Al/Si, (c)
1.5 nm Al/Si; 2.0 nm Al/Si, and (d) Si.
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the formation of a Coulomb blockade; leading to increased quantum efficiency [1, 20].
To gain further insight into how the Al oxide can influence PFE, an SiO2 spacing
layer was used to isolate the QDs from the metal oxide. 20 nm of SiO2 was sputtered
onto the masked 0.5 and 1.0 nm Al/Si and Si substrates prior to deposition of the
CdSe QDs. QD deposition and irradiation were performed under the same conditions
as the prior tests without a spacer. Data for QDs on the Al/Si side of these samples
is labeled SiO2 /Al/Si and data on the Si side is labeled SiO2 /Si.
SiO2 layers with thicknesses of 10 - 20 nm are known to efficiently passivates
crystalline Si and known to possess fewer surface defects with long neutralization
times than Si [108, 109]. As such, the formation of a Coulomb blockade in these
samples will be influenced by trapping of photo-ejected electrons by the 20 nm layer
of SiO2 rather than the underlying Si material. Given the large separation between
the metal oxide and QDs, field-effects passivation of the QDs by the Al oxide is not
likely to play a significant role. Taking these factors into consideration, the PFE can
be expected to change when the SiO2 spacer separates the QDs and Al oxide.
Figure 5.6a shows that the dramatic PFE enhancement previously observed
for the cases of 0.5 and 1.0 nm Al/Si (Figure 5.1) did not occur. For the case of the
QDs on SiO2 /1.0 nm Al/Si (Figure 5.6a, blue line) was approximately 1/3 of that
seen in Figure 5.1 when the QDs were in direct contact with the 1.0nm layer of Al
oxide. Further, Eenh had an initial value of approximately 1.8 and steadily decreased
over the period of irradiation; consistent with the behavior seen in Figure 5.1b at
this thickness of Al oxide. Somewhat unexpectedly, the amount of PFE of the QDs
on SiO2 /0.5 nm Al/Si (Figure 5.6a, red line) was found to be less than that of the
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Figure 5.6: Case of QDs (concentration 12.6 x 1017 QD/cm3 ) isolated from the Al
oxide layer via a 20 nm SiO2 spacer. (a) Normalized intensity vs. time of CdSe for
SiO2 /0.5 nm Al/Si (red line), SiO2 /1.0 nm Al/Si (blue line), and SiO2 /Si (dashed
black line) over 30 minutes of irradiation at 9.6 W/cm2 . Intensities are normalized
to the initial intensity measured on the Si reference (I0). (b) Emission enhancement
factor, Eenh , vs. time for the data presented in (a).

SiO2 /Si reference (dashed line); reflected in the fact that Eenh was less than 1 at all
times (Figure 5.6b). This is likely due to interaction of the Al oxide with the SiO2
spacer layer, discussed further in Chapter 8.
The emission peak wavelength and FWHM over time are shown in Figure 5.7.
In contrast to the results shown in Figure 5.3 and Figure 5.4, the FWHM shows almost
no broadening on the SiO2 /Al/Si substrates. The results for SiO2 /Si are generally
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similar to those of Si. The rapid broadening of the FWHM in the first 0.5 minutes of
irradiation and the overall magnitude of blue-shift are similar for both cases; however,
the initial values of the FWHM and peak wavelength differ for the QDs on SiO2 /Si
versus Si. Similar to the prior results, the QDs exhibit spectral blue shifts for all
substrates. The large blue shift seen for the QDs on 0.5 nm Al/Si does not, however,
occur on SiO2 /0.5 nm Al/Si. Rather, the QDs emission peaks are blue shifted by
approximately 5 nm on all of the substrates with the SiO2 spacer. These results
suggest that the significant PFE enhancement seen in Figure 5.1 can only occur when
the QDs are in physical contact with the Al oxide.
The initial and final spectra for the case of the QDs isolated from the Al oxide
and Si by an SiO2 spacer are provided in Figure 5.8. Again, there is nothing in these
results to indicate the presence of interdot FRET. Other than this similarity, these
results show some distinct contrasts to the results seen when the QDs were in direct
contact (Figure 5.5).
Notably, for the QDs on SiO2 /0.5 nm Al/Si, shown in Figure 5.8a, the initial
and final intensities are dramatically less than those previously seen for 0.5 nm Al/Si
(Figure 5.5a). Additionally, the initial and final intensities of the QDs are significantly
higher on SiO2 /Si than on bare Si (Figure 5.8c versus Figure 5.5e). This increased
PFE on the SiO2 /Si reference can be partially responsible for the dramatically suppressed PFE of the QDs on SiO2 /Al/Si versus Al/Si.
Notably, for the QDs on SiO2 /0.5 nm Al/Si, shown in Figure 5.8a, the initial
and final relative intensities are dramatically less than that previously seen (Fig.
Figure 5.5a). For the QDs on SiO2 /Si, the initial and final relative intensities are
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Figure 5.7: Case of QDs (concentration 12.6 x 1017 QD/cm3 ) isolated from the Al
oxide layer via a 20 nm SiO2 spacer. (a) FWHM vs. time of CdSe for SiO2 /0.5 nm
Al/Si (red line), SiO2 /1.0 nm Al/Si (blue line), and Si (dashed black line) over 30
minutes of irradiation at 9.6 W/cm2 . (b) Emission peak wavelength vs. time for the
data presented in (a).

71

significantly higher than on bare silicon (Figure 5.6c) which partially accounts for the
dramatically suppressed PFE seen in Figure 5.6 for the QDs on SiO2 /0.5 nm Al/Si
since the initial relative intensity of the QDs on SiO2 /0.5 nm Al/Si is less than on
SiO2 /1.0 nm Al/Si and SiO2 /Si. These results emphasize the critical role that the
substrate plays in the PFE of these CdSe QDs (QD1) and the complex nature of the
QD’s photophysics and photochemistry. This point is examined further in Chapter 6
for the processes of photo-ionization and surface passivation.
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Figure 5.8: Average spectra of CdSe (concentration 12.6 x 1017 QD/cm3 ) on various
thicknesses of Al/Si substrates and Si at times t=0 (red line) and t=30 minutes (blue
dashed line) of irradiation at 9.6 W/cm2 for the data presented in sFigure 5.6. (a)
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CHAPTER 6

IMPACT OF AL OXIDE ON COULOMB BLOCKADE

To clarify the results presented in Chapter 5 and the role of a Coulomb blockade
on the CdSe QDs (QD1) PFE, the limiting cases where the formation of a Coulomb
blockade is highly probable and highly improbable were examined. Since a Coulomb
blockade is the result of an electrostatic interaction between the QDs, the density of
the QDs on the sample plays a crucial role in whether such an interaction is likely
to occur. To understand the impact of such a blockade in the results, very dilute
solutions of the QDs in a toluene and poly-methyl methacrylate (PMMA) solution
were prepared to provide a concentration where the QDs are well separated from
each other and single QD emission becomes the dominant regime. The inclusion of
PMMA allows for a more uniform distribution of the QDs when the QD concentration
becomes very small. Since the composition of the solvent environment is known to
influence QD emissions [110, 111], an initial concentration of 12.6 x 1017 QDs/cm3
(concentration A), the same concentration used in Chapter 5, was utilized as a baseline
for comparison with prior tests.
Before presenting the results, the difference between the measured emissions of
a single QD (SQD) and multiple QDs is emphasized. For high concentration samples,
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the spectral (or imagery) data comprises the emissions of a large number of individual
emissive QDs in close proximity to each other. The behavior of an individual QD
in this case is subsumed by the behaviors of the collection of excited QDs in the
sample; including behaviors that are only revealed when the QDs can interact. The
spectral differences between SQDs and ensembles of QDs are well documented in the
literature; for example, the research of van Sark, et al. [65]. In particular, van Sark’s
Figure 4 shows the characteristic broad, single maximum of an ensemble’s spectra
in contrast to the lineshape of a single QD’s emission which has a single sharp peak
and much narrower FWHM. This distinction between measuring the spectra of one
QD and an ensemble of spatially isolated QDs facilitates understanding the spectral
results obtained for concentration D.
The various setups used in this research (described in Chapter 4) are designed
to capture emissions from any QDs within the system’s field of view. As such, the
collected data represents the emissions of the entire ensemble of QDs emitting within
the irradiation spot and within the acceptance angle of the microscope objective. The
primary motivation of the tests presented in this Chapter are to observe the behavior
of the individual QDs within this area comprising multiple isolated QDs (hereafter
referred to as ensemble of SQDs).

6.1

QD Behavior at High and Low Concentration Limits
Samples were irradiated for 30 minutes at a laser intensity of 5.2 W/cm2 to

minimize the likelihood of photo-oxidation of the QDs. To provide the necessary
interdot separation to make a Coulomb blockade improbable, concentration A was
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Figure 6.1: Image of QD1 emissions on 1.0 nm Al/Si at concentration D at an
excitation irradiance of approximately 32 W/cm2 and after 30 minutes of irradiation
at 5.2 W/cm2 . Frame is 20 x 20 µm in size.

successively diluted until the average separation between QDs on the sample exceeded
the resolution limit of the test setup. This was determined by imaging samples for
which the spectral data had already been collected (after 30 minutes of irradiation at
5.2 W/cm2 ). As can be seen in Figure 6.1, approximately 1 QD per 1.5 x 1.5 (+/0.1) µm area was obtained for concentration D.
For the image provided in Figure 6.1, the sample was irradiated at approximately 32 W/cm2 using the bench-top setup with a 60x, 0.85 NA microscope objective
and a Thorlabs DCU223C digital video camera. This high laser irradiance, at which
photo-oxidation has a strong effect, was used to ensure that all emissive QDs within
the depth of focus could be clearly observed in the images. The imaging of single
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QDs on Al/Si and Si to observe their behavior over time is addressed in Section 6.2.
The resultant concentrations for which spectral data was collected were 2.52 x 1016
QDs/cm3 (concentration B), 1.26 x 1015 QDs/cm3 (concentration C), and 1.26 x 1014
of QDs/cm3 (concentration D, ensemble of SQDs). QDs at these concentrations were
deposited onto substrates consisting of 0.5 nm Al/Si and Si using the spin parameters
previously described in Chapter 4. The spectrometer integration times for each concentration were: 50 ms for A and B; 150 ms for C; 500 ms for D. Reported averages
consist of 2-4 (B and C concentrations) or 5-10 (A and D concentrations) independent
measurements. All measurements were performed in air.
Results for the PFE and Eenh calculated from the measured spectra of each
concentration are provided in Figure 6.2. The PFE seen for concentration A (a)
is approximately 77% of that observed at the same concentration without PMMA
(Figure 5.1a). This is likely due the change in the solvent for these samples. At
initial times, Eenh of concentration A achieves its maximum (approx. 2.7) and then
decreases between 30 seconds and 3 minutes, as before (Figure 5.1b). However, after
3 minutes of irradiation, the rate of PFE for concentration A on 0.5 nm Al/Si relative
to that on Si holds steady rather than increasing, in contrast to the results seen in
Chapter 5. Comparing the results shown in Figure 6.2 for PFE at t=30 minutes for
a-d, the influence of QD concentration on PFE can be seen. Relative to the PFE
obtained for concentration A, concentration B is approximately 50%, concentration
C is approximately 11%, and concentration D is approximately 14%.
Comparing the results in Figure 6.2a and d reveals the influence of QD density.
At concentration A (Figure 6.2a), the density of QDs is known to be high enough
77

a. Conc. A

b. Conc. B
)

(

Emission (I

Emission (I

40

20

0

30

Al(t)/I Si(t=0)

(

Al(t)/I Si(t=0)

)

60

0

10
20
Time (min)

0.5nm Al/Si
Silicon

20

10

0

30

0

10
20
Time (min)

c. Conc. C

d. Conc. D PFE
)

(

(

7.5

Emission (I

5

Emission (I

10

Al(t)/I Si(t=0)

Al(t)/I Si(t=0)

)

10

2.5
0

0

30

10
20
Time (min)

7.5
5
2.5
0

30

0

10
20
Time (min)

30

d. EEnh
A 0.5nm Al/Si

D

B 0.5nm Al/Si

Emission (I

(

Al(t)/I Si(t)

)

6

C 0.5nm Al/Si

4
A

D 0.5nm Al/Si

2
B

C
0

0

5

10

15
Time (min)

20

25

30

Figure 6.2: Comparison of different concentrations of CdSe in PMMA on 0.5 nm
Al/Si and Si. Normalized intensity of CdSe over 30 minutes of irradiation at 5.2
W/cm2 for concentration A (a), B (b), C (c), and D (d) on Al/Si (solid line, label
0.5) and Si (dashed line, label Si). Intensities are normalized to the initial intensity
measured on the Si reference (I0). (e) Emission enhancement factor, Eenh , vs. time
for the data presented in (a) - (d) for each concentration; labeled A, B, C, and D for
concentration A, B, C, and D, respectively.
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that Coulomb blockade plays a significant role. This is not the case for concentration
D (Figure 6.2d). The maximum PFE attained for D on 0.5 nm Al/Si (bare Si)
is approximately 1/7th (1/16th) of that seen for A. At concentration D, Eenh = 2
initially and rises steadily to a final value of nearly 6 (Figure 6.2e).
The large value of Eenh at this concentration is due to the fact that the QDs’
emissions on Si are extremely weak (Figure 6.2d, dashed line). This poor emission on
Si is likely due to the fact that the separation distance between the QDs at concentration D is sufficiently large in the ensemble of single QDs that a Coulomb blockade
does not have any significant impact on PFE. This separation was confirmed via additional image capture of the emissions of a concentration D sample on 0.5 nm Al/Si
and on Si using the digital video camera in single frame capture mode. A 3D surface
plot of the RGB data is shown in Figure 6.3a and b, respectively. The inset provides
a contour view of one of the peaks in Figure 6.3a and shows the resolution limit (approximately 1 µm) of the confocal setup with 60x microscope objective (OB221) at
this emission wavelength. Comparing the 3D plots in Figure 6.3 reveals that there
are more peaks (bright QDs) on 0.5 nm Al/Si (a) than on Si (b); suggesting that a
larger number of QDs are emissive on the Al oxide. However, the relative intensities
of these bright QDs are approximately the same on both substrates. These results
suggest that the Al oxide enhancement of quantum efficiency happens at the single
QD level.
The results shown in Figure 6.4 compare the emission spectra (averaged over
all samples of a given concentration) of QDs with near neighbors (concentration A,
line A) and an ensemble of single QDs (concentration D, line D) for the cases of t=0
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Figure 6.3: 3D renderings of photoluminescence images captured for concentration
B on (a) 0.5 nm Al/Si and (b) Si after 30 minutes irradiation at 5.2 W/cm2 . Frames
in (a) and (b) are 40 x 40 µm in size. Inset frame showing contour view of a peak in
(a) is 4.2 x 4.2 µm in size. Image resolution is approximately 1 µm.
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((a) and (b)), t=5 ((c) and (d)), and t=30 minutes ((e) and (f)) of irradiation. The
results in Figure 6.4e and f are associated with the 3D images shown in Figure 6.3a
and b, respectively. Note that at t=0, the emission of QDs on Al/Si shows a welldefined spectrum for concentration D, while those on Si emit mostly at the noise level.
At t=5 minutes the spectra are well developed with the exception of concentration D
on Si. At the end of the irradiation period, t=30 minutes, the emissions for D on Si
are still extremely weak; hardly showing a distinct spectrum.
Additional information about the processes underlying the PFE at these two
limiting concentrations can be obtained by extracting the emission peak wavelength
and FWHM from the spectral data collected over the period of irradiation; shown for
the QDs on 0.5 nm Al in Figure 6.5. As previously mentioned (see Figure 6.4), the QD
emissions for concentration D on Si (Figure 6.4b) were initially at noise level and only
gave a very weak spectrum at t=30 minutes (Figure 6.4f). As such, the peak wavelength and FWHM were not computed and have been excluded from Figure 6.5. The
data suggest some limited amount of blue shifting (approx. 2 nm) after 30 minutes
of irradiation for both A and D concentrations on 0.5 nm Al/Si. The FWHM of the
spectra also showed a moderate broadening of 11-14 nm in both cases. Additionally,
an overall blue shift was observed as the concentration of the QD was decreased from
A to D; i.e., the emission peak wavelength of concentration B (not shown) is blue
shifted relative to the spectra of A, C (not shown) is blue shifted relative to A and
B, and D (Figure 6.5a) is blue shifted relative to A, B, and C. This can be associated
with the increase of interdot spacing, which suppresses energy transfer between the
QDs (discussed in Chapter 2). The blue shift caused by the irradiation can be related
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Figure 6.4: Comparison of averaged spectra for CdSe in PMMA (concentrations
A and D) on 0.5 nm Al/Si and Si irradiated at 5.2 W/cm2 . Spectra at times t =
0 on Al/Si (a) and Si (b), t = 5 on Al/Si (c) and Si (d), and t = 30 minutes on
Al/Si (e) and Si (f). Concentration D data is scaled relative to A data (multiplied
by 20) to permit display on the same axes. Legend: concentration A, line A (blue);
concentration D, line B (green).
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to a slight amount of photo-oxidation during passivation. This normally happens
with the increase of FHWM. We do not see, however, significant differences in the
peak shift or FWHM between the samples with and without Al oxide. These results
suggest that formation and sustainment of a Coulomb blockade plays an important
role in the PFE for these QDs; discussed further in Chapter 8.

6.2

Imaging the Behavior Over Time of Single CdSe QDs on Al/Si
Since the spectra collected for concentration D represents the collective emis-

sions of the ensemble of SQDs, the behavior of the individual QDs must be revealed
via image capture. Further, such imagery supports the assumption that the inter-dot
separation concentration D is such that the QDs do not influence each other. The
setup located in OB221 was used to capture video imagery of the various samples
irradiated with the 514 nm Ar-ion laser at approximately 32 W/cm2 . At this excitation irradiance, photo-oxidation of the QDs is anticipated. This consideration
is balanced against the acquisition capability of the camera and setup to optimize
data capture. Camera focusing was performed near the edge of the spin coating area
to avoid photo-activation of the QDs. Data acquisition parameters for samples with
0.5 nm Al/Si were 3 frames per second (fps) at a 350 ms integration time. For samples
with 1.0 nm Al/Si, 6 fps at a 158 ms integration time was used. Camera gain parameters were the same for all tests: 8.9x master gain; 4.2x red gain; 1x blue and green
gain. Under these conditions dark subtraction was not required. Data processing was
performed as described in Chapter 4. A total of five data sets for each sample case
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were collected and representative imagery data for the QDs on each substrate type is
provided below.

6.2.1

QD1 on 1.0 nm Al/Si
Initial tests with 1.0 nm Al/Si and Si were conducted to obtain short videos

of approx. 5 minutes duration of the ensemble of SQDs. After focusing and blocking
the laser, the sample was translated to the data collection point near the center of
the sample. Video recording was started prior to unblocking the laser. As described
in Chapter 4, each frame of the video was examined to determine the behavior of
individual QDs within the field of view. The characteristic decrease in emission
strength over time associated with the photo-oxidation of the QDs was observed, as
expected for this excitation irradiance. Interestingly, while the relative intensities of
the SQD peaks showed very small fluctuations between frames (visible in the videos),
these fluctuations did not provide unambiguous long timescale blinking, such as that
shown in Chapter 4 Section 4.4.3.1, on either substrate. This may be due to inherent
differences between the CdSe and CdSe/ZnZ QDs, differences between the Al/Si and
Al/G substrates, or loss of image quality during frame extraction.
A subset of the imagery data for the QDs on 1.0 nm Al/Si and Si is provided
in the following figures. Results for the case of QD1 on 1.0 nm Al/Si are given in
Figure 6.6 and results for the case of QD1 on the Si reference are given in Figure 6.7.
Image frames were cropped and converted to 3D surface plots. The plots for four
times beginning at the time the laser block was removed (t=3.3 seconds) and ending
at the time that recording ceased are provided in the figures to show how the relative
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intensity of individual members of the SQD ensemble change over the irradiation
period. For example, in Figure 6.6 the peak height for the leftmost SQD can be seen
to increase from t = 3.3 seconds to t = 70.0 seconds while the other peaks exhibit
a slight decrease in height. After t = 70.0 seconds, the effects of photo-oxidation
become apparent and the relative intensity of all peaks decreases. Similar behavior
is also observed for the SQDs on the Si reference.
Additionally, four emission peaks (three distinct, one distorted) are present for
the case of the QDs on 1.0 nm Al/Si while only one emission peak is found on the
Si reference (Figure 6.7). Comparison of the 3D plots for each substrate case shows
that the peak height of the emissive QDs on Si are similar in magnitude to those on
1.0 nm Al/Si at early times. Such behavior is consistent with the behavior observed
in the spectral data and, since the test and reference points are on the same physical
sample, this suggests that a smaller portion of the QDs present are emissive on the
Si than on the Al/Si.

6.2.2

QD1 on 0.5 nm Al/Si and Si
Based on the spectral results above and those presented in Chapter 5, the case

of 0.5 nm Al/Si was selected for data capture over a longer duration. Video imagery
was collected for concentration D of QD1 on 0.5 nm Al/Si and Si at fixed intervals for
a 30 minute irradiation period. Sample preparation was as previously described. QDs
were excited with the 514 nm Ar laser at approximately 32 W/cm2 for 15 minutes
followed by a rest period (no irradiation) of 10 minutes and a final irradiation period
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Figure 6.6: Time series 3D surface plots for QD1 at concentration D on 1.0 nm
Al/Si. Times shown are from t=3.3 sec (a), t=70.0 sec (b), t=186.7 sec (d), and t =
336.7 sec (d).

of 5 minutes. Video was captured for the intervals t = 0 seconds to 5 minutes, t =
10 minutes to 15 minutes, and t = 25 minutes to 30 minutes.
A subset of the results for the case of QD1 on 0.5 nm Al/Si is provided in
Figure 6.8 and results for the case of QD1 on the Si reference are given in Figure 6.9.
Similar to the case for 1.0 nm Al/Si, multiple peaks are present and long timescale
blinking is not apparent. In particular, three distinct peaks are present with a very low
background. In contrast to the case of 1.0 nm Al/Si, as of t=596.3 seconds (not shown)
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Figure 6.7: Time series 3D surface plots for QD1 at concentration D on Si. Times
shown are from t=3.3 sec (a), t=70.0 sec (b), t=186.7 sec (d), and t = 336.7 sec (d).

all peaks have significantly decreased and only the largest peak is clearly visible. This
brightest peak continues to fade but persists until the end of the irradiation period.
For the case of QD1 on Si in these samples, two very weak peaks are observed
at t=0.3 seconds. The relative brightness of these peaks is significantly less than
was seen for QD1 on the Si reference of the 1.0 nm Al/Si samples. However, a
region of diffuse emission is present adjacent to the x-axis that varies over time in a
similar manner to the peaks. Comparison of the cropped frames to the full frames (for
example, Figure 6.10) show that this is not due to a distinct QD peak that lies outside
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Figure 6.8: Time series 3D surface plots for QD1 at concentration D on 0.5 nm
Al/Si. Times shown are from t=0.3 sec (a), t=150.3 sec (b), t=746.3 sec (d), and t
= 1741.6 sec (d).

the frame. This suggests potential presence of additional, extremely weak emissive
QDs in this area that contribute to a signal bias but are not strong enough to provide
their own discernible peaks in the imagery data. Such contributions emphasize the
differences between data that is an ensemble average of all emissions within the field
of view (e.g., spectra) versus the spatially distinguished SQD data as shown in the
3D plots.
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Figure 6.9: Time series 3D surface plots for QD1 at concentration D on Si. Times
shown are from t=0.3 sec (a), t=150.3 sec (b), t=746.3 sec (d), and t = 1741.6 sec
(d).
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Figure 6.10: Cropped frame (a) and Full frme (b) 3D surface plots for t=0.3 sec for
QD1 at concentration D on Si.
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CHAPTER 7

INFLUENCE OF AL OXIDE AND CR OXIDE ON THE PFE OF
DIFFERENT QDS

The investigation into the how Al oxide can influence QD PFE is continued by
considering cases for which the surface properties of the base-substrate may reasonably be expected to play no significant role. Such data can then be contrasted against
the results for the case of Al/Si and perhaps reveal additional information about the
physical processes underlying the QDs’ PFE. As a further potential contrast, Cr oxide
is included at this juncture due to its demonstrated ability to dramatically accelerate
the rate of photo-oxidation in CdSe/ZnS core/shell colloidal QDs [58]. In light of
those results, the Cr oxide can be expected to have a distinct impact on the QDs
compared to Al oxide.
To this end, colloidal QDs with differing structures were examined on substrates consisting of ultrathin layers of Al and Cr oxide on borosilicate glass. The
effect of irradiation on these QDs was explored with a focus on determining how
the Al and Cr oxides can reveal the QD’s structurally dependent photo-responses;
in particular, photo-ionization relaxation, photo-induced passivation and oxidation,
and the way Coulomb blockade (photo-ionization) depends on excitation irradiance.
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The results presented below with show that use of the Al/G and Cr/G photo-active
substrates revealed unique behaviors associated with the QDs’ structures; some of
which were unprecedented (recently published in J. Appl. Phys. [17] and highlighted
in Spectre Magazine) and have significant potential for QD applications, discussed
further in Chapter 8.
Microscope coverslips made of Schott D263M borosilicate glass were used as
the base-substrate and reference for this study. The borosilicate glass does not possess
optical, physical, or chemical properties which could impact the QD emission [112–
114]; providing a clear contrast to the Si base-substrates previously used. Four types
of colloidal CdSe-based QDs were examined for substrates consisting of approximately
1 nm Al oxide (labeled Al/G) and 1 nm of Cr oxide (labeled Cr/G) deposited onto
the borosilicate glass. As before, the base-substrate material without any metal oxide
was used as the reference (labeled G).

7.1

Impact of Excitation in the High and Low Irradiance Regimes
To facilitate comparison of the effects of the Al and Cr oxides on these four

types of QDs, two well differentiated excitation regimes were selected: high irradiance
of 100 W/cm2 and low irradiance of 7.3 W/cm2 . Recall from Table 4.2 that QD1 is a
core only CdSe with an octadecyl amine ligand, QD2 is a core/shell CdSe/ZnS with an
octadecyl amine ligand, QD3 is a core/shell CdSx Se1−x /ZnS with an oleic acid ligand,
and QD4 is a core/shell CdSeS/ZnS that was annealed and COOH functionalized.
Additionally, recall that the emission peaks of these QDs on glass were measured to
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be approximately 625, 628, 630, and 666 nm, respectively, for an excitation of 7.3
W/cm2 at 488 nm.
At an excitation of 7.3 W/cm2 , photo-oxidation is not expected to play a
significant role in the QD’s PFE. For excitation at 100 W/cm2 , however, photooxidation is anticipated to have a strong effect. Substrates were prepared as previously
described in Chapter 4. The concentration of the QD solutions used for spin coating
was 12.6 ×1017 QDs/cm3 , the same concentration used in Chapter 5 and concentration
A in Chapter 6, and was applied using the same spin conditions (see Appendix B)
as the Al/Si samples. Recall also that at this concentration the QDs are sufficiently
dense on the sample to permit the formation of a Coulomb blockade. The masked side
of the substrate (no metal oxide) acted as the reference. Samples were irradiated with
an Ar ion laser (488 nm) soon after spin coating. The bench-top microscope setup
with a 20x, 0.4 NA microscope objective (OB243) was used to excite the samples and
collect the emissions of the QD thin films. A BWTEK BTC112E thermo-electrically
cooled spectrometer recorded the spectra of the QD fluorescence for analysis.
Samples were irradiated for an initial period of 25 minutes followed by a 5
minute period of rest (laser blocked) and a final 5 minute irradiation period. Spectra were recorded at 15 second intervals during both irradiation periods. Reported
averages consist of 2-6 independent measurements. As before, the emission peak
irradiance, peak wavelength, and FWHM versus time were extracted from the raw
spectra and averaged for multiple samples of each type.
The calculated PFE for each of the different QDs is presented in Figure 7.1
for both the low and high irradiance cases. Considering the low irradiance case first,
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the results in Figure 7.1a show that QD1 (no shell) undergoes a significant amount
of PFE on Al/G (line 2, about 27). In contrast, PFE on Cr/G (line 3) only reaches
about 6. Additionally, a clear relaxation of the PFE can be seen for QD1 after the
5 minute rest period; the most significant relaxation occurring on Al/G (line 2).
For QDs with ZnS shells (QD2, QD3, and QD4), the PFE on both metal oxides are
suppressed relative to the PFE on the glass reference (line 1). Additionally the overall
amount of PFE for these QDs is significantly smaller than that of QD1. Eenh , shown
in Figure 7.2a-d, confirms this suppression of PFE for all QDs except QD1. These
results clearly indicate the profound and distinct impacts of the metal oxides on the
PFE of the different QDs; highlighting the influence of their structures.
This contrasts with the results for high laser irradiance. The PFE of QD1 and
QD2 show characteristic features of photo-oxidation, including a sharp rise followed
by reduction of their emission irradiance as irradiation continues (Figure 7.1e and
f). Further, suppression of PFE is now seen for QD1 on the metal oxides suggesting
that the effects of photo-oxidation are more dramatic when either of the metal oxides
are present. In fact, while Al oxide led to the maximum enhancement of PFE at
low irradiance (Figure 7.1a, line 2), the Al oxide now leads to the largest amount of
emission suppression (Figure 7.1e, line 2). Such an irradiance related change in the
impact of the Al oxide is discussed further Chapter 8.
Note that Eenh is essentially flat after the initial decline for QD1 (CdSe QDs,
Figure 7.2e). This indicates that the photo-induced processes occur at similar rates on
the glass and metal oxide substrates. For the case of QD2 (CdSe/ZnS QDs), however,
the situation is quite different. Eenh continues to decline for the QDs on the metal
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Figure 7.1: PFE (I/I0 ) for the four types of QDs on Al/G (blue line 2), Cr/G
(red line 3) and glass (black line 1) over time. The test specification was an initial
25 minutes of irradiation followed by 5 minutes without irradiation and concluded by
an additional 5 minutes of irradiation at either low (7.3 W/cm2 ) or high (100 W/cm2 )
irradiance. Results for irradiation at 7.3 W/cm2 are given for QD1, QD2, QD3, and
QD4 in subplots a, b, c, and d, respectively. Results for irradiation at 100 W/cm2
are given for QD1, QD2, QD3, and QD4 in subplots e, f, g, and h, respectively.

96

Emission (a.u.)

3

(a)

QD1 (7.3)

2

0.8

1

0.6

0

Emission (a.u.)

0.6

10

20

30

(b)

QD2 (7.3)

0
0.8

0.5

0.7

0.4

0.6

0.3

0.5

0.2

10

20

30

(f)

QD2 (100)

0.4
0

0.4

Emission (a.u.)

(e)

QD1 (100)

0.4
0

10

20

30

(c)

QD3 (7.3)

0.3

0
1

10

20

30

(g)

QD3 (100)

0.8

0.2
0.6

0.1
0

0.4
0

0.6

Emission (a.u.)

1

10

20

30

0
0.7

QD4 (7.3)

10

20

30

QD4 (100)

0.6

0.4

0.5
0.2

0.4
(d)

0

(h)
0.3

0

10

20

Time (min)

30

0

10

20

30

Time (min)

Figure 7.2: Eenh for the four types of QDs on Al/G (solid line) and Cr/G (dashed
line) substrates. All test specifications are the same as in Figure 7.1. Results for
irradiation at 7.3 W/cm2 are given for QD1, QD2, QD3, and QD4 in subplots a, b,
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oxide substrates over the full 30 minutes of the test. The rate of this decline is greater
for the QDs on Al/G (Figure 7.2f, solid line) than those on Cr/G (Figure 7.2f, dashed
line). This suggests that the metal oxides present different rates of photochemical
and photophysical events relative to those on the glass substrates in CdSe-core QDs
with shells.
The cases of QD3 and QD4 (CdSeS cores) are rather unique in that these QDs
exhibit strikingly different characteristic PFE and Eenh features than those seen in
the cases of QD1 and QD2. To see this effect more clearly, Figure 7.3 depicts the
ratio of PFE at the high irradiance to that of the low irradiance for each type of QD.
These results show a general trend for all four QDs in which the PFE ratio attains
its maximum value at early times then decreases. Other than this trend, each of
the different QDs shows differences in behavior. Of particular interest is the timing
at which the PFE ratio falls below 1; indicating a significant enhancement of nonradiative decay for the case of high irradiance versus low irradiance at these times.
The most significant feature of the results for QD3 and QD4, the ternary core QDs
(Figure 7.3c and Figure 7.3d), is that when the QDs are on glass this ratio becomes
less than 1 at early times. When these QDs are on the oxide, however, the PFE
ratio stays consistently above 1; i.e., the ratio value is greater than 1 at all times
and the general trend after the initial fall off does not show sharp changes in slope.
Figure 7.3a and Figure 7.3b clearly show that QD1 and QD2, the binary core QDs,
do not exhibit this behavior.
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Figure 7.3: Ratio of PFE at high (100 W/cm2 ) irradiance to PFE at low (7.3
W/cm2 ) irradiance for the four types of QDs on Al/G (blue line 2), Cr/G (red line 3)
and glass (black line 1) over time. The test specification was an initial 25 minutes of
irradiation followed by 5 minutes without irradiation and concluded by an additional
5 minutes of irradiation.

7.2

QD Structure Interplay with Passivation and Photo-oxidation
The importance of the above results (Figure 7.1 through Figure 7.3) for QD3

and QD4 is that these effects occur as the emission peak is blue shifted; indicating
reduction of the effective core sizes of the QDs which is one signature of photooxidation (see Chapter 2). Recall further that photo-oxidation increases the number
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of defect sites in the QDs and reduces the QDs’ quantum efficiencies. These well
established photo-oxidative effects are evident in the results shown in Figure 7.1e and
f for the cases of QD1 and QD2. The observations for QD3 and QD4, however, are
unprecedented and underscore the profound applications of metal oxides to reveal
unique photochemical and photophysical properties of different QDs.
The implications of the results in Figure 7.3 are addressed by examining the
normalized spectra for each type of QD is considered. The spectra at t=0 seconds and
t=25 minutes (the uninterrupted initial period of irradiation) are shown in Figure 7.4
and Figure 7.5 for the cases of high and low irradiation, respectively. For the high
irradiance case, the emission peaks of all 4 types of QDs undergo clear blue shifts over
this irradiation period. In the low irradiance case, there are no significant changes
in the emission spectra. In fact, the normalized spectra at t=0 seconds and t=25
minutes are nearly indistinguishable except in the case of QD1 on Al/G (Figure 7.4a,
blue line) which shows a very small blue shift and a hint of change in the emission
lineshape.
Figure 7.6 shows how the peak wavelength (λ) and FWHM of the QD emissions
under high irradiance excitation change over the full test period. Plots of the peak
wavelength and FWHM for the low irradiance case are omitted because the results
do not reveal any additional information for any of the four types of QDs. For QD1,
the difference between the FWHM on the three substrates is noticeably smaller at
initial times than at final times (Figure 7.6a). Note that QD1 represents an extreme
case due to its lack of a protective shell. Interestingly, Figure 7.6a shows a reduction
of the FWHM during the first 5 minutes. The peak wavelength shown in Figure 7.6e,
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Figure 7.4: Normalized spectra for the four types of QDs at t=0 (blue line) and
t=25 minutes of irradiation (green line) at high irradiance (100 W/cm2 ). All test
specifications are the same as in Fig.Figure 7.1. Results for QD1, QD2, QD3, and
QD4 on Al/G are shown in subplots a, b, c, and d, respectively. Results for the QDs
on Cr/G are in subplots e, f, g, and h, respectively.
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a significant amount of blue shift is observed during this same period that is nearly
independent of the type of substrate. Considering these results with the roll off of
the PFE seen in Figure 7.1e, this can be associated with the strong photo-oxidation
of QD1.
For the other QDs, which are protected by a ZnS shell, the plots mostly show
characteristic features of photo-oxidation. Broadening of the FWHM and blue shifting
occurs from the start on all substrates, although to different degrees. In the case of
QD2, however, the amount of broadening of the FWHM is highest for QDs on Al/G
(Figure 7.6b, line 2). From the results shown in Figure 7.6b, the magnitude of the
wavelength shift of such samples also happens to be highest. This suggests that these
QDs exhibit the highest relative rate of oxidation on Al oxide. When deposited on
Cr/G, however, the QDs undergo the least amount of photo-oxidation (Figure 7.4f
and Figure 7.6b line 3).
Similar results are seen for the FWHM of QD4 (Figure 7.6d). Additionally,
in QD3 and QD4 (Figure 7.6g and h) a large amount of blue shift is observed; about
10 and 6 nm, respectively. Comparing these results with those in Figure 7.1c and
d under low field irradiance (also seen in Figure 7.3c and d) points to the lack of a
strong reduction in the quantum efficiency of QD3 and QD4 despite the strong photooxidation. For QD3 on Al/G, in particular, the PFE after 25 minutes of irradiation
at 100 W/cm2 is 1.2; higher than the PFE of 0.5 seen at 7.3 W/cm2 . Such results
emphasize the differences in the influence of the Al and Cr metal oxides and how
such oxides interact with the differently structured QDs. Such differences are not
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Figure 7.5: Normalized spectra for the four types of QDs at t=0 (blue line) and
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unexpected as their respective photo-chemical actions and oxidative strengths differ
[83–85, 94, 95, 98].

7.3

Coulomb Blockade Relaxation
Returning to Figure 7.1a, the relaxation seen for QD1 after the 5 minute period

without irradiation suggests the possibility that some of the ionized QDs may have
been neutralized during this short time; reducing the effects of the Coulomb blockade.
Such a process was not seen for other types of QDs (Figure 7.1b-Figure 7.1d). This
suggests that the core-shell QDs are less influenced by a Coulomb blockade; leading
to a smaller amount of PFE. To investigate this issue further, QD1 and QD2 were
examined on Al/G, Cr/G, and glass substrates for a 30 minute period of initial irradiation followed by 2 hours without irradiation and an additional 15 minutes of
irradiation at 7.3 W/cm2 . Excitation at the low irradiance was selected to avoid the
effects of photo-oxidation seen in the high irradiance regime.
Figure 7.7a shows that the emission of QD1 undergoes a significant amount of
relaxation after the 2 hour rest period. For the glass substrate (line 1), Al/G (line 2),
and Cr/G (line 3) this amounts to approximately 49 %, 43 %, and 46 %, respectively,
of the emission intensity seen at the end of the initial 30 minute irradiation period.
These reductions indicate PFE reversibility as the result of neutralization of the trap
sites. In the case of QD2 (Figure 7.7b), a decrease of approximately 15 % was seen
on glass (line 1) and about 42 % on both Al/G and Cr/G (lines 2 and 3).
These results suggest different degrees of surface passivation via adsorption of
environmental molecules (e.g., water) and Coulomb blockade effects in the two types
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test specification was an initial 30 minutes of irradiation followed by 2 hours without
irradiation and concluded by an additional 15 minutes of irradiation at low (7.3
W/cm2 ) intensity.

of QDs. The initial 30 minutes of irradiation of QD1 on Al/G resulted in a PFE
of about 17 while on glass the PFE was ∼ 7. This suggests, despite the fact that
the QDs have similar relaxations on these substrates, the Al oxide provides a higher
degree of enhancement via surface passivation [16]. Additionally, the PFE flattens
on glass and Cr/G starting at approximately 20 minutes of irradiation. On Al/G,
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however, the PFE instead continues to increase rapidly with time during the first 30
minutes of irradiation. This suggests that the efficiency of PFE on glass and Cr/G
reaches its upper limit (saturation) well before that on Al/G. In contrast, the results
in Figure 7.7b for QD2, which has a ZnS shell, show a smaller relaxation on glass
(line 1) than on Al/G (line 2) and Cr/G (line 3). This may suggest that, for such
QDs, the time required for neutralization of defect sites on glass is longer than those
on the photo-active substrates, leading to a more persistent Coulomb blockade.
Note that the results for QD2 in Figure 7.7b seem quite compatible with those
presented in Figure 7.1b. For the case of QD1, however, a level of discrepancy is
observed between the results presented in Figure 7.7a and Figure 7.1a, although their
trends are consistent. This can be associated with the fact that the ZnS shells protect
the CdSe cores of QD2 and therefore reduce the influence of the environment; e.g.,
relative humidity of the air. For the case of QD1, however, the lack of a shell makes
the QDs more sensitive to the environment.
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CHAPTER 8

DISCUSSION

Given the results presented in Chapters 5 - 7, an explanation of the photophysical and photochemical effects of the metal oxide based photo-active substrates,
in particular Al oxide, on the PFE of colloidal QDs can be formulated in the context
of the major, competing photo-induced processes that can influence the PFE of the
QDs used in this research. Further analysis and modeling were performed that augment the core results and explore additional aspects of how the unique action of the
metal oxides influences the different CdSe-based QDs. In particular, the similar but
not identical behavior of QD1 on Al/Si versus its behavior on Al/G suggests that the
use of different photo-active substrates can reveal new information about the physical
processes underlying the QD’s photo-responses.
Recall from Chapter 2 that the processes of surface passivation, photo-ionization
(i.e., Coulomb blockade formation), and photo-oxidation are the major photo-induced
process that can impact PFE in these CdSe-based colloidal QDs. Passivation of the
QD’s surface defects and the formation of a Coulomb blockade in the QD ensembles are beneficial to PFE and result in QD brightening. Photo-oxidation provides a
short-term boost to the QD’s brightness but ultimately leads to darkening of the QDs
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via the creation of new defects. As such, photo-oxidation is ultimately detrimental
to QD PFE and competes with the processes of passivation and photo-ionization.
The impact of the metal oxides on the QD’s PFE is thus critically related
to how the metal oxides influence these photo-induced processes. To see this, the
discussion in this chapter is organized as follows. The photocatalytic properties of
Al oxide which can influence these photo-induced processes are revisited and considered in more detail in Section 8.1. That section summarizes important information
from the literature on the interaction of Al oxide with Si; supporting the subsequent
discussion of the possible mechanisms by which the Al oxide photo-active substrates
can influence the processes of photo-ionization and surface passivation of the QDs,
and analysis of the results for the regime where photo-oxidation is unlikely. In light
of this, an explanation of why the Al/Si photo-active substrates can have such a dramatic effect on the PFE of core-only CdSe QDs is formulated in Section 8.2. The
impact of strong photo-oxidation on the different types of CdSe-based QDs is then
considered and modeled in Section 8.3 and Section 8.4. This permits examination
of the competition between photo-oxidation, photo-ionization, and surface passivation in the simpler case for which the substrates are either photo-active (Al/G and
Cr/G) or not photo-active (glass). What can be drawn from these discussions is then
summarized.
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8.1

Further Consideration of the Photocatalytic Properties of Al oxide
and the Passivation of a Si base-substrate
Analysis begins with a more detailed review of what is known about the pho-

tocatalytic properties of Al oxide. To summarize what was previously discussed in
Chapter 3: Al oxide is known to enhance the photo-action of other materials, has a
large negative fixed charge density, and a high specific surface area (e.g., reported by
Korneeva, et al. as ∼500 m2 /g) [75, 83, 115, 116]. Recall also from Section 3.2.1 that
the fixed charge refers to the charge associated with particular ions present in the
material and specific surface area refers to how much of the material’s physical surface area is available for processes such as adsorption, catalysis, and other reactions
to occur.
Al oxide has been observed to enhance the action of other materials in two
ways. The first physical pathway is through the presence of trap states and fixed
charges in the Al oxide surface that can significantly increase the lifetimes of photogenerated carriers in the other materials by retarding recombination of such carriers
within the originating material [83, 86, 116–118]. For example, research by Li, et al.
showed that, when excited with visible light, the electrons ejected by TiO2 decayed
to traps states in the Al2 O3 rather than undergoing recombination within the TiO2 ;
leading to an increase in the photo-catalytic activity of the TiO2 [117]. Such trap
states in the Al oxide can extend the lifetime of a Coulomb blockade, benefiting QD
PFE, by trapping photo-ejected electrons as previously discussed in Chapter 2. The
second pathway occurs when Al replaces other atoms in a crystal lattice. For example,
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research by Praveen, et al., in which Al2 O3 was used as a support material for Fe2 O3 ,
found that the inclusion of the smaller Al cations along with the much larger Fe
cations in the crystal’s unit cell lead to Fe-3d orbital mixing. This in turn resulted in
a significant increase in charge transport over that of the pure Fe2 O3 ; thus, improving
the photo-response of the Fe2 O3 material and leading to an increase in photocatalytic
activity [83].
The replacement of a CdSe based QD’s core or shell atoms by Al cations has
not been reported to date. However, there are several cases of interest in the literature that suggest such a replacement may not necessarily be detrimental to the QD’s
PFE. Theoretical studies, such as the work by Freitag, et al., showed that when Si
QDs were doped with Al, the bandgap energy was reduced (red shifted) and charge
transfer was expedited; enhancing the the photo-response compared to the undoped
Si QDs for applications such as QD sensitized solar cells [119]. Interestingly, research
in which ZnO nanostructures are doped with Al, thereby replacing Zn cations with Al
cations in the crystal lattice, have shown that the Al doping yields a sharp increase in
the ZnO’s irradiation induced conductivity versus the pure ZnO nanostructures and
a significant shift of the absorption spectrum from the UV (approx. 250-450 nm for
pure ZnO) to the visible (400-800 nm) [120,121]. In fact, new research has shown that
when CdS/CdSe QDs are adsorbed onto such Al doped ZnO nanowires in CdS/CdSe
sensitized solar cells, the efficiency of the photovoltaic conversion is increased; specifically, the Al doped ZnO nanowires of the solar cell photoanode showed increased
conductivity due to the Al doping and the solar cells showed improved absorbance of
the irradiation light [122].
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While the results from the cited reports can be taken to suggest that such
a substitution of cations in some CdSe based QDs by Al cations (second pathway)
could lead to PFE enhancement, the Al dopants used in the cited research were not
introduced via simple contact with a layer of Al oxide in their samples. Rather, the Al
dopant was introduced using various well-controlled nanocrystal growth techniques
(e.g., chemical bath deposition) prior to irradiation [120–122].
In light of this, the first pathway appears most likely to apply to the Al oxide
photo-active substrates. Multiple reports in the literature have established that Al
oxide provides effective passivation of Si [75, 117, 118, 123]. The primary mechanisms
to which this passivation is attributed are chemical passivation (i.e., mutual reduction
of interface defects) and field-effect passivation (i.e., electrostatic shielding of minority
charge carriers) [75, 116, 118, 124, 125]. Both of these mechanisms are associated with
the first pathway described above. The field-effect passivation observed for Al oxide
is primarily due its large negative fixed charge (reported by Hoex, et al.) per unit
area as approximately 1013 cm−2 [124]. This fixed charge typically lies close to the
Al oxide’s surface and provides a high level of passivation for the Si surface traps,
thereby increasing carrier lifetimes by suppressing decay of carriers to traps in the
Si [116, 124, 126]. For example, Veith, et al., reported an intrinsic carrier lifetime of
about 3.1 ms for pure Si samples [118]. After an Al oxide layer was applied, the
measured lifetime within the Si increased to about 4-5 ms) [118]. In the case of
chemical passivation, native defects at the Al oxide surface (dangling bonds) form
chemical bonds with surface defects in the Si resulting in passivation of the Si and
increase in carrier lifetimes [127].
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For p-type Si the minority charge carriers are electrons. Research on the optimal deposition methods and thicknesses of amorphous Al2 O3 for surface passivation
of Si is well documented in the literature [116, 124–126, 128, 129]. With regard to
layer thickness, Hoex, et al. [124] and Schmit, et al. [125] observed that the degree of
surface passivation of the Si decreases as the thickness of the Al2 O3 layer decreases.
The research explored various thicknesses of Al2 O3 up to 100 nm. A 10 nm thick layer
of Al2 O3 was found to provide a higher degree of Si passivation than did 3.5 nm of
Al2 O3 . This effect was attributed to the amount of coverage provided by the Al2 O3 ;
i.e., thinner layers of the Al2 O3 (e.g., 3.5 nm of Al2 O3 ) left some Si surface trap states
available and the number of un-passivated Si traps decreased as the thickness of the
Al2 O3 increased. Similar results were also obtained [124] in examinations of Al2 O3
on Si in which oxide thicknesses of less than 30 nm were deposited on n- and p-type
single crystal Si wafers. During these investigations, the researchers found that the
high negative fixed charge density and low interface defect density in the Al2 O3 played
a key role in the superior chemical passivation of the Si by Al2 O3 . Further, the works
of [126, 130, 131] indicate that interfacial SiOx layers, formed between the Si wafer
surface and the deposited Al2 O3 , play a role in field-effect passivation. This interfacial SiO2 layer between the Al oxide and Si was found to be crucial for providing the
negative charges needed to passivate the Si surface [117].
Taken in light of the discussion above, the amount of coverage and degree of Si
passivation by the Al oxide clearly increases for the thicker layers. Such reports in the
literature demonstrate the complex nature of the stoichiometry that forms between
Al oxide films and the Si on which the films are deposited. This makes the thickness
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of the Al oxide layer critical, as the degree to which Al oxide covers the Si determines
the net number of surface traps on the Al/Si photo-active substrates.

8.2

Implications of the effects of Al oxide Thickness for Coulomb Blockade Formation and Passivation
Continuing the discussion of how Al oxide promotes photo-induced process

beneficial to QD PFE and the importance of the Al oxide layer’s thickness, consider
the results for QD1 (CdSe core-only) presented in Chapter 5 in light of those presented in Chapter 6 for both the high concentration regime (concentration A, 12.6
x 1017 QD/cm3 , efficient Coulomb blockade) and SQD concentration regime (concentration D, 1.26 x 1014 QDs/cm3 , no Coulomb blockade). The discussion above
(Section 8.1) indicates that the Al/Si substrates is highly likely to support a complex
set of pathways by which surface passivation and Coulomb blockade formation can
be influenced. The properties of Al oxide that give rise to chemical and field effects
passivation exist at both the interface with the Si base-substrate and the interface
with the QDs. The interaction of Al oxide and Si chemically passivates some of the
Si traps. The QDs also share an interface with the Al oxide where they can be chemically passivated. Additionally, electrostatic shielding by the Al oxide’s large negative
fixed charge (i.e., field effects passivation) may have an unexpected effect on the QDs.
In particular, while such shielding is known to further reduces the number of available
Si traps, the Al oxide’s fixed charge may suppress some QDs’ photo-ionization in a
manner similar to that of the Coulomb blockade. To determine the impact of the Al
oxide, this complicated dynamic is approached by systematically considering how the
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respective roles of Coulomb blockade and passivation can change depending on the
interaction of the Al oxide with the underlying Si base-substrate.
First, consider a high concentration of QDs on various thicknesses of Al oxide
on Si. If one assumes that QD1’s PFE is due to the process of photo-ionization and
that an efficient Coulomb blockade is formed by the QDs on Si, then the partial
passivation of Si by Al oxide should always cause a suppression in QD PFE on Al/Si
relative to that seen on Si. Since the opposite occurs, one or both of the assumptions
must be incorrect. Most likely, assuming that photo-ionization is the only process
having a significant impact on the QDs is incorrect. This implies that passivation
of the QDs is also significant. To see this more clearly, consider the results for a
high concentration of QDs (concentration A) given in Chapter 5. Figures 5.1 and 5.2
demonstrated that the amount of PFE decreased as the Al thickness increased for
0.5, 1.0, and 2.0 nm Al/Si. Further, the PFE on all thicknesses of Al/Si was greater
than that seen on Si. The case of 0.5 nm Al/Si (least coverage by Al oxide) can
be expected to have a more significant contribution by Coulomb blockade than the
cases of the thicker layers. As the thickness of the Al oxide increases, there are more
opportunities for chemical and field effects passivation of the Si and QDs. As such,
the interplay between Coulomb blockade formation by the QDs and passivation of the
Si by the Al oxide may explain the case of the 1.5 nm layer which provided less PFE
than the 2.0 nm layer of Al oxide. Specifically, at 1.5 nm Al/Si, the possibility exists
that the Coulomb blockade is significantly suppressed relative to that seen for 1.0 nm
Al/Si and that the Al oxide layer is still too thin to permit the degree of chemical
passivation afforded by the 2.0 nm layer.
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Next consider the SQD regime. In this case, a Coulomb blockade does not
form and the trapping of photo-ejected electrons by the Si cannot benefit PFE. In
fact, if such trapping of photo-ejected electrons occurs for a sufficient number of QDs
in the SQD ensemble, then the collective brightness of the sample would be extremely
weak. This was indeed the case for concentration D (1.26 x 1014 QDs/cm3 , Chapter 6)
where the ensemble emissions on the 0.5 nm layer of Al oxide were significantly
brighter than on Si (Eenh of nearly 6). Images of these types of samples further
showed that this effect was due to the presence of a higher number of emissive QDs
on the Al/Si than on the Si substrate (see Figure 6.3). Such results demonstrate that
the beneficial action of Al oxide includes passivation of the Si. Lastly, recall from
Chapter 2 that adsorption of molecules, in particular water, passivates the surface
of the QDs leading to increased emission efficiency. The mechanism for passivation
via water adsorption has been shown to be due to a partial oxidation of the CdSe
surface [2] which is characterized by a slight amount of blue shift in the emission
spectrum and a moderate enhancement of the emission intensity while the oxidation
effect remains small. Al oxide is known to increase the production of hydrogen and
oxygen via the photocatalysis of water [83]. This reasonably suggests that passivation
of the QDs by the Al oxide can include such a partial oxidation process. The expected
PFE enhancement and accompanying blue shift of the spectra was indeed observed
for the case of QD1 at concentration D on the Al oxide but not for the QDs on Si.
This further reinforces that the Al oxide acts to passivate the QDs in addition to
passivating the Si base-substrate; benefiting the PFE of QD1 in both the SQD and
high concentration regimes.
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8.3

Modeling Photo-oxidative Changes in QDs
When photo-induced physical processes induce a significant change in the sur-

face characteristics or effective core sizes of the emissive QDs, the spectral properties
over the irradiation period can differ noticeably from the initial properties without
these effects [37, 52]. The results presented in Chapter 7 emphasize the importance
of the QDs’ structure. The similar, but not identical, behavior of QD1 on Al oxide
on the Si base-substrate (Al/Si) versus on the glass base-substrate (Al/G) suggests
that the different photo-active substrates can be used to obtain additional information about the physical processes that occurred in the QDs. Recall from Chapter 2
that surface passivation and photo-ionization are reversible processes while photooxidation is not. The roles of surface passivation and Coulomb blockade formation
for these samples (glass base-substrate) was investigated in Chapter 7 for the low
excitation regime (7.3 W/cm2 ). This subsection focuses on what can be revealed
through consideration of the Al/G samples in terms of the changes induced in the
QDs by strong photo-oxidation and how modeling of these changes can reveal the
impact of the metal oxides on the different types of QDs.
The results in Chapter 7 Figure 7.1 a-d showed that QDs without shells (QD1)
have distinct sensitivities to Cr and Al oxides while being significantly influenced
by a Coulomb blockade in the low excitation regime. QD1 exhibited a very large
PFE for Al/G of approximately 25 times the initial emission intensity. Under these
same conditions but on the Cr/G, the PFE of QD1 was observed to be only 6 times
the initial emission intensity and was suppressed relative to the PFE on the glass
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reference. QD2 (Figure 7.1 b), having the same core as QD1 plus a ZnS shell, showed
suppression of PFE on Al/G relative to bare glass. In the case of QD3 and QD4
(Figure 7.1 c and d), core-shell QDs with ternary cores and ZnS shells, the results
showed that a Coulomb blockade plays a much less significant role.
The situation changes however in the high excitation regime (100 W/cm2 ).
Strong photo-oxidation is present in this case and reduces the effective core size of
the QDs leading to a blue shift in the emission spectra and broadening of the FWHM.
The photo-oxidative process is also reported in the literature to induce a significant
reduction of the quantum efficiency via the introduction of new defects [5, 132]. The
results presented in Chapter 7, however, suggest that the presence of the metal oxides
can dramatically alter the dynamics of this process. In particular, for QD1 (no shell)
the presence of both Al and Cr oxide promoted the effects of photo-oxidation in the
high excitation regime and resulted in a dramatic reduction of the amount of PFE
relative to what was seen for the low excitation regime(Figure 7.1 a and e). These
reductions were accompanied by the typical blue shifts and broadenings indicative of
photo-oxidation (Figure 7.4 a and e). On the other hand, QD3 and QD4 exhibited
the blue shifts and broadening associated with photo-oxidation (Figure 7.4 c and g,
d and h, respectively), but without a significant enhancement of their non-radiative
decay rates (Figure 7.1); i.e., the amount of PFE for these QDs on Al/G and Cr/G
was not dramatically less than that seen in the low excitation case. Note that, while
the PFE of QD3 and QD4 on glass was higher than the PFE on Al/G and Cr/G
for both excitation regimes, these QDs underwent more PFE change on glass than
on the metal oxides (see Figure 7.4 and Figure 7.3. The impact of photo-oxidation
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on the effective core size and non-radiative decay rates of the QDs is examined by
developing an empirical model of the behavior; facilitating a better understanding of
the role of the metal oxides in producing these effects in the four types of QDs.

8.3.1

Reduction of the Effective Core Size
The first point to consider is: how the QDs’ size changes in response to strong

photo-oxidation. From the discussion of Chapter 2, the radius, a, of a QD and the
observed wavelength of the emissions are inextricably linked. An equation relating
the effective QD core radius and the transition energy (Eg (eV )) of the emissions is
reported by J. Chen [133]; based in part on the work of Franceschetti and Zunger [134].
In the cited paper, Franceschetti and Zunger report use of pseudopotential wave
functions for the exciton electrons and holes (φe and φh , respectively) to calculate the
energies of electron-hole (Coulomb and exchange) interactions in QD cores of various
material and sizes. Franceschetti and Zunger make several simplifying assumptions
to develop the model. In particular, the authors assume that the QD exciton acts
as a particle-in-a-box, the oxidation predominantly occurs on the surface of the QD,
the oxidized QD emits light at the same wavelength as would a bare QD core (no
shell) with a radius of a, and hydrogen-like potentials are used to passivate dangling
bonds at the QD surface. Further, the authors consider that the process of oxidation
comprises replacing atoms in the QDs’ surface with oxygen atoms which are physically
closer to the center of the QD than the original semiconductor atoms; producing a net
reduction of the QDs’ diameter. Franceschetti and Zunger derive and solve coupled
state equations (see Ref. [134] eqns. 5a and 5b) to obtain φe and φh ; permitting
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subsequent calculation of the excitons’ Coulomb and exchange energies (see Ref. [134]
eqns. 1 and 2). Franceschetti and Zunger’s results showed that the electron-hole
exchange energy contribution follows a power law of a− 2 and that the Coulomb energy
fits a power law of aα where α was estimated to be 0.86 for a CdSe QD. From this,
Chen derives the following equation for the bandgap energy of a CdSe QD.

Eg (eV ) = Eg,bulk +

A
(a0QD )2

+

B
aαQD

(8.1)

Where Eg (eV ) is the bandgap energy of the QD, Eg,bulk =1.74 eV is the bulk bandgap
energy for CdSe, a0QD is the initial QD radius, and A, B, and α are empirical constants.
The values of A, B, and α are obtained from the manufacturers’ published
data for the QD radii and emission peaks. Eg is calculated from the emission peaks
and plotted versus the QD radii. The values of A, B, and α are then obtained by
fitting Equation 8.1 to these plots. Figure 8.1 shows Eg and radii for QD1 (CdSe,
circles) and QD2 (CdSe/ZnS squares) with associated fit lines. The best fit for QD1
and QD2 was obtained for A=0.366, B=0.35, and α=0.89 (Figure 8.1). Fits for QD3
and QD4 could not be calculated since the manufacturer provides the same range
(5.5 - 6.5 nm) of diameters for all emission wavelengths (from 490 nm to 665 nm) of
their CdSx Se1−x /ZnS QDs.
For each type of QD, the initial radius (a0QD ) is calculated using the transition
energy, Eg (eV ), obtained from the measured emission peak (t=0) for irradiation at
7.3 W/cm2 at 488 nm on a bare glass substrate. The following equation reported by
Chen for CdSe QDs may then be used to determine the change in the QDs’ radii due

120

2.6
CdSe
CdSe Fit
CdSe/ZnS
CdSe/ZnS Fit

2.5

Emission Energy (eV)

2.4

2.3

2.2

2.1

2

1.9

1.8

E(r) = A/R2 + B/Rα
α = 0.89, A = 0.366, B = 0.35
1

1.5

2
2.5
QD Radius (nm)

3

3.5

Figure 8.1: Emission energy (Eg ) versus QD radius for QD1 and QD2. Eg and
radii are calculated from manufacturer data for QD1 (blue circles) and QD2 (red
squares). Lines: modified effective mass approximation fit lines for Equation 8.1 for
QD1 (CdSe, solid line) and QD2 (CdSe/ZnS, dashed line), respectively.

to photo-oxidation [133, 135].
(M − m)a0QD + m(a0QD −
aQD (t) =
M
sqrt6
≃ a0QD −
d
3

√

6
d)
3

(8.2)

Where aQD (t) is the effective QD radius as a function of time, M is the number
of surface atoms, m is the number of oxidized surface atoms, and d is the average
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diameter of atoms (CdSe) in the QD core. Note that the research in Refs. [134]
and [133] did not specifically address the QD shell. From the discussion of Chapter 2
Section 2.1.1 and manufacturer specifications for core-only and core/shell QDs having
the same size cores, the primary effect of the ZnS shell is to slightly red shift the
absorption and emission peaks. For example, CdSe/ZnS QDs synthesized by NN
Labs have an approximately 20 nm red shifted absorption peak and 15-20 nm red
shifted emission peak versus the same size core-only CdSe QDs. This difference is not
significant since the designed emission peak listed in the specification generally has a
range of +/- 20 nm.
Note that the research in Refs. [134] and [133] did not address ternary core QDs
and the specific synthesis conditions used to create QD3 and QD4 are not provided
by the manufacturer. However, this does not necessarily present a barrier to using the
above equations with QD3 and QD4. To see this, consider various studies from the
literature that address the opto-electronic properties of ternary or CdSx Se1−x QDs.
Such studies have shown that the emission peak of CdSx Se1−x QDs approach that of
CdSe QDs as the amount of S doping decreases (as x decreases) [136–138]. Additionally, QD4 was annealed during synthesis. Thermal annealing has been reported to
enhance passivation of the QDs (as with photo-annealing) and to reduce the bandgap
energy [139, 140]. Taken together, the CdSx Se1−x QDs can be reasonably considered
to exhibit opto-electrical properties that are generally consistent with the properties
of similarly sized CdSe QDs. Thus the above equations can be used to approximate
the change in a CdSx Se1−x QDs’ effective core size over time.
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Figure 8.2: Polynomial fit for the calculated effective radius for the four types of
QDs from t=0 to t=25 minutes at high field irradiance (100 W/cm2 ) on glass (line
1), Al/G (line 2), and Cr/G (line 3). Shaded areas correspond to the 95% confidence
interval of the fit.

Equation 8.2 was applied to the measured photoluminescence data for the
case of high field irradiance. A polynomial fit was then used to reveal how the QDs’
effective core size changed (reduced) over the irradiation period for each substrate;
shown in Figure 8.2. For QD1, the reduction in effective size is essentially the same
on all substrates. This can be anticipated from the highly similar blue shifts seen
in Chapter 7 Figure 7.6 e. For the other QDs, the type of substrate impacts the
reduction in effective size. This is most dramatically seen in the case of QD2 where
aQD is initially somewhat larger on Al/G but quickly falls below the values seen for
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Cr/G and glass (Figure 8.2 b); indicating a much stronger core shrinking on the Al
oxide. For QD3 and QD4, the effective core sizes shrink with similar magnitudes but
at different rates depending on the type of substrate and the duration of irradiation;
apparent in how the slopes of each line change over time and how the lines cross.

8.3.2

Contribution of Photo-oxidation to Non-radiative Decay
Using the measured photoluminescence data for these QDs (shown in Chap-

ox
ter 7, Figure 7.1), the non-radiative decay rate due to oxidation, γnr
, may be cal-

culated using a simple rate model (Equation 8.3) of exciton dynamics within the
QDs.

dnext
ox
= kexc − (γr + γnr + γnr
(t))nexc
dt

(8.3)

Where next is the exciton population, kexc is the rate of exciton formation, γr is
the radiative decay rate, γnr is the non-radiative decay rate for physical processes
ox
other than photo-oxidation, and γnr
(t) the non-radiative decay rate specifically due

to photo-oxidation. For these calculations, γr is taken to be 0.05 ns−1 and γnr taken
as 0.1 ns−1 , as typically reported in the literature [60,105,141]. The results are shown
in Figure 8.3. Recall from Figure 7.1 that the PFE increases at early times. As a
result, this model shows an initial decrease in the value of γnr that is associated with
the increase in PFE (i.e., increase in γr ).
Vertical dashed lines separate three key regions in Figure 8.3. The first region
(labeled A) shows a decrease in total non-radiative decay that is associated with the

124

0.14

0.2
QD1 (100)

A

0.12

QD2 (100)

REgion A
0.15

0.1

C

B

Region C

Region B
0.1

3

2

0.06

nr

Γ (ns−1)

0.08

0.04

1

0.02

0.5

0.05
1

1,2,3
0
(a)
−0.02

0

0
0

0

5

10

15

25

5

15

20

25

QD4 (100)

A

0.12
C

B
0.1

0.08

0.08
2

1
0.06

0.06

3

2
0.04

0.04

0.02

0.02

0
−0.02

10

C

B

0.1

nr

0

0.14

0.12

Γ (ns−1)

(b)

20

20

QD3 (100)

A

0.14

10

0

1

0

3

(d)

(c)
5

10
15
Time (min)

20

25

−0.02

0

5

10
15
Time (min)

20

25

Figure 8.3: Non-radiative decay due to photo-oxidation calculated for the four types
of QDs from t=0 to t=25 minutes at high field irradiance (100 W/cm2 ) on glass (line
1), Al/G (line 2), and Cr/G (line 3). Vertical lines separate the three regions of
interest labeled A (t=0 minutes to the first dashed line), B (between the dashed
lines), and C (from the second dashed line to t=25 minutes). The full vertical range
of Γnr for QD1 (a) is shown in the inset.

rapid PFE increase seen in Figure 7.1. In this region, the effects of photo-oxidation
are not yet distinguishable from the effects of surface passivation and of the laser
irradiance on Coulomb blockade formation (discussed in the next section). Since
the initial rise in PFE was larger for QD1 than the other QDs, the y-axis (Γnr ) of
Figure 8.3 a is reduced to permit comparison with Γnr calculated for the other QDs.
The inset of Figure 8.3 a shows the full range of Γnr values. The region between
the two dashed lines (labeled B) identifies those times where the rate of PFE slows
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and roll-off begins. To the right of the second dashed line (region labeled C), the
contribution from strong photo-oxidation can be seen as the rate of non-radiative
decay increases and PFE correspondingly declines (see Figure 7.1).
Note, with the exception of QD1, the timing of PFE roll-off varies for the different substrates. For QD2 (Figure 8.3 b), the difference in timing is small irrespective
of the strong differences seen between the amounts of core shrinkage (Figure 8.2 b)
and Γnr . For QD1 there is no significant difference in Γnr on the three substrates;
however, like QD2, the oxidation rate on each substrate shows a clear onset (narrow
region B) and steady increase (region C).
In the cases of QD3 and QD4, the behavior seen in Figure 8.3 c and d is
different and very interesting. First, region B is substantially larger for QD3 and
QD4 than for QD1 and QD2. This reflects the fact that while the rapid PFE increase
of QD3 and QD4 terminate at nearly the same times, the onset of PFE roll-off is
greatly impacted by the type of substrate (see also PFE shown in Figure 7.1 g and
h). Second, for each of these ternary QDs, the relative values for Γnr are initially
similar in magnitude on the different substrates. However, the relative oxidation
rates between each substrate are seen to change over the irradiation period; reflected
in how lines 1 (glass), 2 (Al/G), and 3 (Cr/G) cross one another during the time
period covered by regions B and C. (Figure 8.3 c and d).
ox
The results of the model for aQD and γnr
for QD1 and QD2 (Figure 8.2 a-b and

Figure 8.3 a-b) can be easily anticipated from the characteristic photo-oxidation seen
in the measured PFE and the changes in the FWHM and peak emission wavelength
(see Figure 7.1 and Figure 7.6). However, the model reveals complex behavior in
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QD3 and QD4 that could not be so easily anticipated from a basic examination of
the photoluminescence data. In particular, the results from the model confirm what
was first suggested by Figure 7.3 c (QD3) and d (QD4); i.e., that the non-radiative
decay rates of the ternary QDs during and after the onset of photo-oxidation (regions
B and C) are lower on the Al/G and Cr/G than that on the glass substrates. This
occurs with roughly the same amount of total core shrinkage for all three substrates.
Clearly, the non-radiative decay rates are affected by a complex dynamic between
photo-oxidation, the metal oxides, and the structure of the ternary QDs that does
not occur in the binary QDs (QD1 and QD2). This behavior is unprecedented in the
literature (reported only by this researcher in Ref. [17]). These results suggests that,
when combined with the structural properties of the QDs, the impact of metal oxides
can present unique opportunities to use photo-oxidation to control the sizes of QDs
during irradiation without significant enhancement of their non-radiative decay.

8.4

Modeling the Impact of Photo-oxidation on Coulomb blockade and
PFE of QDs on a Metal Oxide Substrate
Given the preceding discussions, the roles of each of the major photo-induced

processes in QD PFE and the general cases in which each process can be expected
to play a significant role or not play a role should be clear. In particular, the photoinduced processes dominating the PFE of these CdSe-based QDs have been shown
to be, in the high concentration limit, photo-oxidation and the formation of an efficient Coulomb blockade for the photo-active substrates considered in this research.
The dominant photo-induced processes affecting the QDs’ PFE in the low concen127

tration limit have been shown to be surface passivation and photo-oxidation. These
statements are, of course, given with the caveat that, the laser irradiance plays an
important role in when the effects of photo-oxidation becomes apparent in the photoluminescence data.
The preceding subsection showed that the presence of a metal oxide can alter
the impact of laser irradiance in determining the onset of photo-oxidation. Thus, examining the interplay between the laser irradiance and photo-oxidation with Coulomb
blockade formation should provide further insight into the impact of the metal oxide
on the photoluminescence of the CdSe-based QDs. To do this, the results in Chapter 7
for the high excitation irradiance are further examined via modeling. First consider
the well-established model developed by Maenosono, et al. (Refs. [48] and [142]) to
show how the laser irradiance influences just photo-ionization processes and PFE in
CdSe and CdSe/ZnS QDs. This model is then extended by incorporating the measured PFE to provide a time-dependent, non-radiative decay to phenomenologically
address photo-oxidation and the impact of the metal oxides.

8.4.1

Laser Irradiance Influence on Coulomb Blockade Formation
The model of Maenosono, et al. and the assumptions outlined in Refs. [48],

[143], and [142] are reviewed in this section. The authors assume that the system
consists of a monolayer of QDs that are closely spaced (hexagonally) and that the
QDs’ relaxation pathways can be described in terms of four major processes: radiative decay (γr ), non-radiative decay (γnr ), fast photo-ionization (Γf i ), and slow
photo-ionization (Γsi ). The radiative and non-radiative decay processes occur within
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Figure 8.4: Schematic depiction of QD core electronic states, radiative (γr ) and
non-radiative (γnr ) decay, and trapping associated with slow (Γsi ) and fast (Γf i )
photo-ionization.

the QD core whereas fast and slow ionization (i.e., trapping of electrons ejected from
the core) occur at the QDs’ interface. These processes are shown schematically in
(Figure 8.4). Recall that ionized QDs do not emit. Specifically, the rapid blinking
(i.e., fluorescence intermittancy) of QDs is attributed to fast photo-ionization and the
persistent darkening of QDs is attributed to slow photo-ionization [1, 144]. Additionally, the rate of slow photo-ionization has been found to be dramatically smaller than
the rates of the other three processes; e.g., radiative decay, non-radiative decay, and
fast ionization have been fount to occur on timescales of 10−8 to 10−5 seconds while
slow ionization occurs on a timescale of several hours. [107].
Following Refs. [48] and [142], a blocking factor, αI , represents the number
of neighboring QDs whose ionization is suppressed due to the electrostatic potential
created by the ionization of a nearby QD and includes (i.e., also counts) the darkened
QD [48,143]. For example, αI =1 indicates that the electrostatic field does not interact
with QDs other than the darkened QD. A blocking factor of αI =7 indicates that
six neighboring QDs plus the darkened QD are influenced. Under the assumptions
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described above, the dimensionless rate equation for the excited QDs is then given
by [142]:

Γr + Γn + Γf i + Γsi
dΦe
= Φg −
Φe
dt
kexc (I)

(8.4)

Where Φe is the fraction of non-ionized excited electrons, Γr is the rate of radiative
decay, Γn is the rate of non-radiative decay, Γf i is the rate of fast photo-ionization,
and kexc (I) = σabs I/(~ω) is the apparent excitation rate, and Φg is the fraction of unexcited electrons (i.e., ground state electrons). For kexc , σabs is the absorption cross
section, I is the excitation irradiance, and (~ω) is the photon energy of the exciton.
Note that the model of Refs. [48] and [142] does not differentiate non-radiative decay
due to photo-oxidation from other types of non-radiative decay.
Since the rates of radiative decay, non-radiative decay, and fast photo-ionization
are known to be much greater than the rate of slow photo-ionization [50], then the
contribution of Γso is negligible and Equation 8.4 can be approximated for steady
state excitation as:

Φ̄e =

kexc (I)Φ̄g
Γr + Γn + Γf i

(8.5)

Where the bar designates the steady state quantities. The rate equation for the
darkened QDs is taken by Ref. [142] to have a Langmuir-type form and is given by:

Φ̄e
Γs
dΦd
=
(1 − αΦd )
dt
kexc (I)
Φ̄e + Φ̄g
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(8.6)

Where Φd is the fraction of the excited electrons currently in a deep trap state with a
long neutralization time (i.e., darkened QDs), Γs is the slow ionization rate constant,
and the other quantities are defined above.
For the calculations presented below, αI is considered to depend on the excitation irradiance (I) which is constant over the period of irradiation. For the case of low
excitation irradiance, αI is considered equal to 5 [143] indicating an efficient Coulomb
blockade forms. As I increases, however, the value of αI decreases. Maenosono, et
al. suggest that this can be due to the fact that photo-oxidation increases as the
excitation irradiance increases [143] which alters the conditions of the QDs’ interface,
thereby altering the conditions governing trapping of the photo-ejected electrons.
To account for this, the QDs’ photo-ionization rates are normalized by the blocking
factor. The fast photo-ionization rate then becomes [143]

Γf i (I) = Γ0f i (1 − αI Φd (I))

(8.7)

Γsi (I) = Γ0si (1 − αI Φd (I)).

(8.8)

and the slow rate is given by

In these equations Γ0f i and Γ0si are the initial values of the fast and slow ionization rates
before the Coulomb blockade happens; i.e., Γd (t = 0) = 0. Recall that the model of
Maenosono, et al. assumes that the QDs in the system are either in an excited state
that is capable of emitting, in a ground state, or darkened. This constrains Φe , Φg ,

131

and Φd such that Φe + Φg + Φd = 1. Using these, the rate equation for the darkened
QDs (Equation 8.6) can be recast to eliminate the Φ̄e and Φ̄g terms as follows.
Solving Equation 8.5 for Φg yields Φg = Φe
δI = Γ0si /kexc (I), βI =

(Γr +Γn )
kexc (I)

Γr +Γn +Γf i
.
kexc

Defining the parameters

and ηI = Γ0f i /kexc (I), and applying the definition of

Γf i given above, yields:
(8.9)

Φg = Φe (β + η(1 − αΦd )

Lastly, substituting Equation 8.9 into Equation 8.6 and simplifying gives the desired
form of the rate equation for Φd (see also Refs. [48, 142]):

dΦd (t)
δI (1 − αI Φd )
=
dt
1 + βI + ηI (1 − αI Φd )

(8.10)

The dependence of PFE on the laser irradiance (I) can be calculated from
these equations. Recalling that PFE is the ratio of emission of QDs at any given
time (P (t)) to that at the initial time of irradiation (P (t0 )); i.e., proportional to
the radiative decay and fraction of excited QDs (Γr Φ̄e ). Additionally, recall that
Φd (t = 0) = 0. Taking these into consideration, the PFE may be represented by
taking the ratio of

P hid (t)
dt

to

P hid (t=0)
:
dt

P (t)
PFE =
=
P (t0 )
Defining the parameter ζ =

αI ηI
,
(1+βI +ηI )

δI (1−αI Φd )
(1+βI +ηI (1−αI Φd ))
δI
(1+βI +ηI )

and noting that

P F E = (1 − αI Φd )

ζ
(1
αI ηI
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ζ
αI ηI

(8.11)

=

1
,
(1+βI +ηI )

1
+ βI + ηI (1 − αI Φd )

gives:

(8.12)

Which then simplifies to the form also determined by Maenosono, et al. in Ref. [142]:

PFE =

1 − Φd (I)
1 − ζI Φd (I)

(8.13)

The role played by αI in this process can be seen in Eqs. (1)-(3). If αI =1 (no
Coulomb blocking) the slow and fast ionization rates of the QDs have their highest
values (Γ0si and Γ0f i ). As αI increases, these rates reduce, making the QDs brighter.
For low field intensities, Maenosono, et al. [48,143] showed that αI =5. However, since
the number of QDs excited by the laser increases as the laser intensity increases,
the darkened QDs may not be far from each other. Further, as photo-oxidative
effects become strong, some QDs become irreversibly darkened and cannot benefit
from the photo-ionization of neighboring QDs. Therefore, the number of QDs with
suppressed photo-ionization in the vicinity of a darkened QD can reduce, requiring
that αI becomes less than 5.
First simulating the case where photo-oxidation is not included (Γnr =0), the
radiative (Γr ) and non-radiative (Γnr ) decay rates of the QDs are taken to be, respectively, 0.05 and 0.1 ns−1 . Additionally, Γ0f i =0.2 ns−1 and Γ0si = 2 × 10−6kexc ns−1
are assumed. αI is considered a variable parameter. Note that this general model
does not include the impact of photo-oxidation, substrate, or how αI can change with
laser intensity. The results presented in Figure 8.5 show that when the applied laser
field is weak (0.5 W/cm2 ) and αI =5, PFE happens gradually (solid line) over the
irradiation period and only reaches saturation at t=20 minutes. Keeping αI the same
and increasing the applied laser field to 5 w/cm2 , the rise in PFE happens much
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Figure 8.5: Influence of the laser intensity on PFE without the effects of photo2
oxidation (Γox
nr (t)=0). The solid line presents PFE when I=0.5 W/cm and αI = 5,
dotted line when I=5 W/cm2 and αI =5, and the dashed line the case when I=5
W/cm2 and αI =3.

faster (dotted line) and reaches saturation at approximately t=2 minutes. Considering the case of I=5 W/cm2 and αI =3 (dashed line), this reduction of αI clearly
leads to a large reduction of the efficiency of PFE (dashed line) with only a small
delay in the time at which saturation occurs (approx. t=2.5 min). This simulation
(Figure 8.5) shows how, in general terms, the excitation intensity influences formation
of the Coulomb blockade. Such considerations are applicable to all QDs wherein a
Coulomb blockade plays a role in its PFE. However, the results in Chapter 7 Figure 7.1 and Figure 7.2, as well as the discussions of the preceding sections, suggest
that these considerations are most applicable to the case of QD1.
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Using the data collected for the high irradiance regime, the effects of photooxidation as a function of time may be empirically included in the model. To achieve
this, Γn becomes Γn = Γnr + Γox
nr (t), where Γnr represents the non-radiative decay due
to all processes other than oxidation and Γox
nr (t) is the rate of non-radiative decay due
to oxidation as a function of time; calculated above and shown in Figure 8.3a through
d for QD1 through QD4, respectively. The incorporation of a Γox
nr (t) calculated from
the data permits the impact of the metal oxides on photo-oxidation to be directly
incorporated in the model as a time dependent factor. This should not however be
taken to imply that the model will exactly reproduce the measured PFE. In fact,
since the contribution of photo-ionization to the simulated PFE does not include any
parameters related to the type of substrate, the magnitude of the simulated PFE
prior to the onset of photo-oxidation can be anticipated to be essentially the same.
Note that, as with the simulated case without photo-oxidation, this model
does not explicitly calculate the impact of laser intensity on αI . Rather, multiple
laser intensities were explored in conjunction with the different blocking factors. A
laser intensity of I = 1.0 W/cm2 was determined to provide a reasonable approximation for the timing of the initial PFE rise seen in the data and is used in these
simulations. Based on the reports by Maenosono, et al. (Refs. [48, 142, 143]) αI =3 is
appropriate for the laser irradiance (100 W/cm2 ) used to excite the QDs. All other
model parameters are the same as described above. Figure 8.6 through Figure 8.9
show the simulated PFE (a) calculated with this enhanced model for QD1, QD2,
QD3, and QD4, respectively. The corresponding measured PFE, originally shown
in Figure 7.1 e though h, for each QD is provided in plot (b) of these figures for
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Figure 8.6: Simulation results (a) and measured PFE (b) for QD1. Model incorporates photo-oxidative effects via photoluminescence data during a 25 minute
irradiation period at 100 W/cm2 . Blocking factor αI =3, model laser intensity I=1.0
W/cm2 . Legend: glass, black squares; Al/G, blue triangles; Cr/G, red dots. Inset of
(a) gives a closer view of the PFE increase from t=2 to t=5 minutes.

easy comparison to the model results. Note that these plots reflect the PFE fall-off
that occurs after saturation while Figure 8.5 does not, since photo-oxidation is not
included in those calculations.
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Figure 8.7: Simulation results (a) and measured PFE (b) for QD2. Model incorporates photo-oxidative effects via photoluminescence data during a 25 minute
irradiation period at 100 W/cm2 . Blocking factor αI =3, model laser intensity I=1.0
W/cm2 . Legend: glass, black squares; Al/G, blue triangles; Cr/G, red dots. Inset of
(a) gives a closer view of the PFE increase from t=2 to t=5 minutes.
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Figure 8.8: Simulation results (a) and measured PFE (b) for QD3. Model incorporates photo-oxidative effects via photoluminescence data during a 25 minute
irradiation period at 100 W/cm2 . Blocking factor αI =3, model laser intensity I=1.0
W/cm2 . Legend: glass, black squares; Al/G, blue triangles; Cr/G, red dots. Inset of
(a) gives a closer view of the PFE increase from t=2 to t=5 minutes.
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Figure 8.9: Simulation results (a) and measured PFE (b) for QD4. Model incorporates photo-oxidative effects via photoluminescence data during a 25 minute
irradiation period at 100 W/cm2 . Blocking factor αI =3, model laser intensity I=1.0
W/cm2 . Legend: glass, black squares; Al/G, blue triangles; Cr/G, red dots. Inset of
(a) gives a closer view of the PFE increase from t=2 to t=5 minutes.
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The simulated PFE generally reflect the trends of the measured PFE for all
four types of QDs. Considering QD1 first, the model returns nearly identical PFE results for Al/G, Cr/G, and G substrates, as expected from Figure 8.2a and Figure 8.3a.
The rate of simulated PFE increase for QD1 (Figure 8.6 a) is slower at initial times
than that seen in the data (Figure 8.6 b). Transitions from the region of PFE increase
to PFE decrease (near t=3 minutes) are not as smooth as the transitions seen in the
data. However, the onset of the photo-oxidative roll offs are compatible with the
timing seen in the measured PFE. The model also produces a different ratio of the
final PFE to the maximum PFE. The final PFE given by the model is approximately
78% of the maximum for all substrates. This is in contrast to the data which shows
the final PFE is roughly 67% of the maximum PFE for the QDs on glass, 62% on
Cr/G, and 60% on Al/G. This suggests that the differences in PFE measured on the
three substrates for QD1 are influenced in ways not addressed by the model; specifically, by the impact of the metal oxides on Coulomb blockade formation and surface
passivation.
In the case of QD2, the differences in Γox
nr (Figure 8.2b and Figure 8.3b) for each
substrate enable a somewhat better prediction of the measured PFE. In particular,
the suppression of PFE relative to that measured on glass (Figure 8.7 b) can be seen
for both Al/G and Cr/G (Figure 8.7 a). Further, the model predicts that suppression
is strongest on on Al/G; consistent with the data. Again, the onset of photo-oxidation
given by the model is compatible with the data but the relative magnitudes of the
PFE on each substrate are not accurately reflected. This suggests that, like QD1,
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the metal oxides and their interaction with Coulomb blockade formation and surface
passivation play an important role in the PFE of QD2.
Interestingly, the order from highest value to lowest value of the simulated
PFE is consistent with the data except for the case of QD3 (Figure 8.8 a). For QD3’s
simulated PFE the order is Cr/G, Al/G, and glass. This is in contrast to the order of
QD3’s measured PFE which is glass, Cr/G, and Al/G (Figure 8.8 b). This reflects the
fact that Γox
nr is highest on glass as seen in Figure 8.2c and Figure 8.3c and suggests
that the presence of the metal oxides led to a reduction in photo-oxidation of the QDs.
Apart from this, the simulated PFE for QD3 and QD4 (Figure 8.9) closely follow the
measured PFE. In particular, the complex variations that occur after the onset of
photo-oxidation are well replicated by the model. This suggests that the impact
of the metal oxides on QD3 and QD4 is predominantly via the process of photooxidation; supporting the prior findings that QD3 and QD4 are generally insensitive
to surface passivation and that the metal oxides do not appear to greatly influence
photo-ionization of these QDs.

8.5

Summation
With the discussions and analyses given in the preceding sections, the vari-

ous impacts of the metal oxide-based photo-active substrates on the PFE of these
CdSe-based QDs can be considered as two major effects: PFE enhancement and
fluorescence stabilization. A basic understanding of these effects was given through
consideration of the competition between the photo-induced processes of surface pas-
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sivation, Coulomb blockade formation, and photo-oxidation that drive PFE in these
CdSe-based QDs.
For the first of these, the CdSe core-only QDs were shown to exhibit an increase
in PFE on Al/Si and Al/G while photo-oxidative effects were weak; particularly
dramatic for the QDs on Al/Si. This was shown to be due to the photocatalytic action
of Al oxide to promote surface passivation and Coulomb blockade formation. In the
regime where the concentration of CdSe QDs (QD1) on Al/Si is high, both surface
passivation and Coulomb blockade are enhanced; the greatest influence on PFE being
from the formation of a highly efficient Coulomb blockade. In the regime where the
concentration of QDs is very low (an ensemble of SQDs, no Coulomb blockade),
the Al oxide was shown to sufficiently enhance surface passiviation effects to yield
a significant level of PFE. This result is important and clearly demonstrates that
the photocatalytic action of Al oxide significantly promotes both Coulomb blockade
and passivation by revealing PFE in a regime where only surface passivation can
reasonably play a role. Such dramatic PFE enhancement by the Al oxide was shown
to only occur when the QDs were in physical contact with the Al oxide. Further, the
thickness of the Al oxide layer was shown to interact critically with the underlying
base-substrate via passivation of trap states in the Si. The thinnest layer of 0.5 nm
Al oxide was seen to yield the optimal amount of partial Si passivation; facilitating
a highly efficient Coulomb blockade in the high concentration regime and a sufficient
degree of QD passivation in the SQD regime to obtain PFE in the ensemble well above
that of the Si reference. The PFE seen for QD1 on Al/G, in the regime where photo-
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oxidation is either not present or very weak, was appreciable but not as dramatic as
that seen on Al/Si.
The second of these major effects was revealed in the results for the four types
of QDs on Al and Cr oxide on glass and the modeling of photo-oxidation and its
interaction with Coulomb blockade formation. The PFE of all QDs except QD1
was suppressed relative to the glass reference in the regime without photo-oxidation.
This indicates that passivation and Coulomb blockade were less efficient on the metal
oxides than on the bare glass and can be attributed to the fact that, unlike Si, the
borosilicate glass does not present surface characteristics (i.e., traps and defects) that
can be beneficially mediated by the Al (or Cr) oxide to promote enhanced PFE.
In fact, the results suggest that the surface defects in Al oxide that participated
in chemical passivation of the Si are left un-passivated and field-effect passivation
(minority charge carrier shielding) does not significantly support Coulomb blockade
formation in these samples; to the net detriment of the PFE of QD2, QD3, and QD4.
when photo-oxidation strongly dominated over the processes of surface passivation
and Coulomb blockade (100 W/cm2 ), both Al/G and Cr/G accelerated non-radiative
decay and yielded PFE that was suppressed relative to the glass reference for all four
types of QDs; however, to a lesser degree than was seen without the photo-oxidation
for QD2, QD3, and QD4. Examination of the ratio of PFEs for high/low excitation
showed that the ternary QDs (QD3 and QD4) had a clearly lower relative rate of
photo-oxidation on the metal oxides than on the glass reference. This demonstrated
that photocatalytic action of both metal oxides acted to stabilize the fluorescence of
such QDs; i.e., photo-oxidation and effective core size reduction occurred without an
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increase in non-radiative decay. This unprecedented effect would not have been found
without the metal oxide based photo-active substrates.
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CHAPTER 9

CONCLUSIONS

The impact of metal oxide based photo-active substrates on the PFE of multiple types of CdSe-based QDs was demonstrated for various regimes; revealing how the
photocatalytic action of these metal oxides influences the inherently competition between the photo-induced processes of surface passivation, photo-ionization (Coulomb
blockade) and photo-oxidation that drive the radiative and non-radiative decay underlying QD PFE. In particular, the presence of different metal oxides were shown
to affect the brightening of CdSe-based QDs. For photo-active substrates consisting
of an ultra-thin layer of Al oxide on a Si base-substrate, the the brightness of CdSe
core-only QDs was dramatically increased. The results showed that this was due to
the Al oxide promoting the beneficial actions of surface passivation and Coulomb
blockade formation in the QDs for the excitation regime where photo-oxidation is
not present or very weak. In the case of ternary CdSx Se1−x /ZnS core-shell QDs, the
photocatalytic action of Al oxide and Cr oxide on a glass base-substrate were shown
to support the stabilization of the QDs’ fluorescence in the excitation regime where
photo-oxidation effects are strong. In both cases, the action of the metal oxide to
promote particular radiative decay pathways or to suppress non-radiative decay is
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unprecedented. This opens new avenues for exploring the complex dynamics of QD
PFE and enhancing the performance of QDs under different application conditions;
including, brighter QD-based emitters for new single color light sources (e.g., LEDs,
QD lasers) and displays (e.g., smartphones, televisions) which typically operate with
high concentrations of QDs; more efficient QD sensitised solar cells that take advantage of the ability to tune the QDs’ bandgap in situ under high excitation irradiance
conditions (e.g., full sunlight) via effective core size reduction without loss of emission
efficiency.
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APPENDIX A

ADDITIONAL INFORMATION ON PHYSICAL AND CHEMICAL
PROCESSES IN COLLOIDAL QDS

A.1

Auger Processes
Recall from Chapter 2 that the photoluminescence of QDs is the result of

electron-hole recombination (i.e., exciton decay). It is worth noting that excitation
can produce multiple excitons and Auger processes can have a strong influence [44].
Fundamentally, Auger processes are electron-electron Coulomb interactions. In QDs,
where Coulomb interactions are strong but there are limited energy states, Auger
processes involve either the loss of energy via phonons or QD ionization to satisfy
energy conservation [145]. In this way Auger processes have been shown to influence
ionization processes within QDs and to increase the rate of QD ionization and darkening [45]. Auger process rates have been measured in CdSe QDs and found to occur
on timescales of approximately 100 picoseconds; approximately 100 times faster than
the QDs radiative decay time [46, 146]. Research has also shown that non-radiative
Auger recombination dominates when multiple exciton states are excited within a single QD [44]. This has been attributed to the strong physical confinement of carriers
within the QD which leads to overlap of carrier wavefunctions, enhanced Coulomb in148

teractions between carriers, and breaking of carrier momentum conservation [44,145].
As such, Auger processes lead to energy transfers between carriers and can have a
strong influence on the photophysics of QDs.
Multiple physical pathways have been identified for the non-radiative transfer
of energy via Auger processes which can occur within net-neutral or ionized QDs.
The following provides a brief summary of the common Auger pathways that have
been documented in the literature as impacting CdSe-based colloidal QDs. These
pathways are schematically illustrated in Figure A.1.
Various studies have been performed for Auger recombination in which multiple excitons are formed within the QD [46, 145]. For example, bi-exciton and triexciton Auger recombination (Figure A.1 a and b, respectively). In the case of
bi-exciton recombination, one ground state bi-exciton relaxes into an excited state
exciton [145]. The ground state bi-exciton consists of two excitons for which both
electrons (holes) occupy the minimum conduction (valence) band energy level. One
of these excitons recombines and the energy is transferred to the second exciton. This
results in the electron of the surviving exciton transitioning to a higher energy level
in the conduction band or ejecting from the QD.
In the case of tri-exciton recombination, a ground state tri-exciton relaxes into
an excited bi-exciton [46, 145]. Two of the excitons forming the tri-exciton possess
electrons (holes) occupying the minimum conduction (valence) band energy level.
The third exciton consists of an electron-hole pair in which each occupies an energy
level above the minimum. When the tri-exciton decays, the resultant energy transfer
excites the remaining two excitons such that their electrons and holes occupy states
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above the minimum conduction and valence band energies, respectively. Another
important case is that of Auger recombination in an ionized QD (Figure A.1 c). In
this case, a bi-exciton has been photo-excited in the QD and one of the holes has been
ejected, resulting in a net-negative charge (ionized QD). The non-radiative relaxation
of this bi-exciton results in the further excitation of the remaining electron [44].
Recombination due to an Auger-like electron thermalization (Figure A.1 d) has been
reported for photo-excited CdSe QDs in the regime where the electron conduction
band level spacing was much larger than the phonon energies [147]. The mechanism
underlying this process was attributed to inelastic scattering of the electron with
holes. In this case, the Coulomb interaction between the electron and hole permits
an excited electron to pass its energy to the hole via an Auger-like, non-radiative
decay.

A.2

Interdot Energy Transfer
When multiple QDs are in close proximity, additional pathways exist to en-

hance or suppress the QDs’ emissions. A key pathway is non-radiative energy transfer
between two particles, an energy donor and an energy acceptor, known as Förster
resonant energy transfer (FRET) (sometimes known as fluorescence resonant energy
transfer) [50, 57]. In the FRET process, depicted in Figure 2.7, two particles interact
non-radiatively via their dipole fields. Such dipolar coupling of the QDs has been
shown to significantly enhance the absorption cross section in close packed CdSe QDs
resulting in more efficient excitation of the QDs [148]. The presence of FRET is
apparent in spectroscopic data as a net reduction of the donor’s emission intensity
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Figure A.1: Schematic (Jablonski) diagram of various Auger recombination processes in QDs.

and a net increase in the acceptor’s emission intensity (Fig. 2.6a). Here, the term
intensity refers to the quasi-unitless digital signal calculated by the spectrometer to
express the detector’s photovoltaic signal; i.e., number of counts. While this is a
non-radiative process, the energy transfer is commonly visualized as the emission of a
virtual photon by the donor particle which is absorbed by the acceptor particle. This
visualization, while non-physical, is useful since it emphasizes the requirement that
the donor’s emission spectra overlap the acceptor’s absorption spectra. This suggests
that two or more distinct sizes of donor and acceptor particles (e.g., QDs) are needed
to maximize the opportunities for FRET to occur in a sample.
From the discussion of QD opto-electronic properties in Chapter 2, recall that
while a single type of colloidal QD is generally considered to be monodispersed (one
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Figure A.2: (a) Depiction of FRET donor QD and acceptor MNP spectral properties. (b) Schematic of excitation/relaxation paths in Förster resonant energy transfer
(FRET).

size, one absorption and emission spectrum), it is known that the photoluminescence
spectra of a group of QDs differs from that of a single QD of the same type [65, 149].
Specifically, the spectra of the group is the statistical (ensemble) average of the spectra
of the individual QDs comprising the group, subject to homogeneous and inhomogeneous broadening, where the measured peak emission wavelength can be considered
to represent the expectation value of the multi-QD system. The actual statistical distribution representing the range of sizes present in self-assembled QDs has been the
subject of debate with various researchers suggesting a log-normal distribution and
others suggesting an unimodal or bimodal Gaussian type distribution [150]. Regardless of this debate, the fact that a sample consisting of a single type of colloidal QD
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necessarily includes some range of sizes suggests that FRET is possible and, in some
cases, likely. If sufficient FRET occurs, the photoluminescence spectra of the group
will reflect these changes as skewing of the spectra’s typical, Lorentzian lineshape or
as spectral red shifting due to decreased emission by the smaller, donor QDs [4].
It is known that FRET is highly sensitive to interdot separation distance, R,
which limits the minimum density of QDs in the sample for which efficient FRET can
occur. This can be seen by examining the well-known equations describing Förster
energy transfer. For a single donor and acceptor particle, the rate of energy transfer,
kD−A , is given by [47]:

kD−A =

(BQD I)
1 R0
= ( )( )6
6
(τD r )
τD r

(A.1)

Where QD is the absolute quantum yield of the donor, τD is the lifetime of the donor’s
excited state, I an integral expressing the overlap of the donor and acceptor spectra
over all wavelengths λ, and B is a constant inversely proportional to the refractive
index of the medium (nmed ) surrounding the donor and acceptor. R0 = (BxQD I)1/6
is a constant, the Förster Radius, that collects the numerator terms in Eqn. (A.1). It
is clear from this equation that when the separation distance, r, between donor and
acceptor is equal to R0 , the rate of Förster transfer matches the rate of donor exciton
decay (τD−1 ).
The overlap integral, I, is given in Clapp, et al. [47] by:

I=

Z∞

P LD−corr (λ)ǫA (λ)λ4 dλ

0
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(A.2)

Where P LD−corr (λ) is the normalized emission spectra of the donor and ǫA (λ) is the
extinction coefficient of the acceptor exciton at wavelength λ which represents the
acceptor absorption spectrum. The constant B is given by Clapp, et al. [47]:

B=

9000 ln 10κ2p
128π 5 n4med NA

(A.3)

Where NA is Avogadro’s number and κp is a physical parameter expressing the
strength of the dipole-dipole coupling with regard to the relative orientation of the
donor and acceptor dipole moments. For example, κ2p = 2/3 for randomly oriented
dipoles, κ2p = 0 for orthogonal dipoles, and κ2p = 4 for parallel dipoles [47]. From
these equations, the FRET efficiency may be calculated as the ratio of the energy
transfer to the total decay rate of the system [47]:

Ef f. =

kD−A
IDA
−1 = 1 −
ID
(kD−A + τD )

(A.4)

Where IDA is the measured absolute intensity of the donor emissions when the acceptor is present and ID is the intensity of the donor alone. As can be seen from the
above equation, the maximum FRET efficiency, Ef f = 1/2, occurs when the separation distance between the donor and acceptor is equal to R0 . Further, the separation
distance between the donor and acceptor may be calculated from spectral data by
substitution of Equation (A.4) into Equation (A.1) and solving for r. Doing so yields:

r = R0 (

1 − Ef f 1/6
n(1 − Ef f ) 1/6
) or rn = R0 (
)
Ef f
Ef f
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(A.5)

Where n is the average number of acceptors interacting with a single donor in samples
consisting of multiple QDs.

A.3

Substrates Trap States
Detailed research by Mandelis, et al. provides a good example of the complex-

ities and theoretical challenges in describing carrier-trap dynamics. Their research
extends the foundation laid by Schockley-Read c.1952 [151] and later expanded by
Simmons and Taylor c.1971 [152]. In the cited paper (Mandelis, et al.), the authors
provide a general thermally adiabatic model for describing the non-equilibrium and
non-steady-state density of states within a semiconductor’s bandgap that act as traps.
In the most general terms, the carrier density in a semiconductor is found by
integrating the product of the density of states and the probability density function
over all possible states. Mandelis, et al. develop the rate equation for the free electron
density using time dependent trapped carrier densities (eqn. 21) to obtain an inhomogeneous isothermal differential equation describing the trapping of electrons by the
semiconductor defect/trap states (eqn. 23) for two discrete traps (states 1,2) lying
above the valence energy Ev with densities Nj (j = 1, 2) and for which the trapped
electron densities for these traps are ni (i = 1, 2). An expression for the general solution of this equation of state is given (Mandelis, eqn 24). After further derivation,
the authors present the solution to the free electron density n(t, T ) during optical
excitation (Mandelis, eqn. 30) as:
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n(t, T ) = τ1n {[G +

2
X
j=1

−τt

enj (T )Nj Pj (T )](1 − e

1n

)−

2
X
enj (T )Nj δPj (T )
[
]
1
−
τ
F
(T
)
1n
j
j=1
−τt

(e−Fj t e

1n

(A.6)

)+

ns (T )exp[−(An1 + An2 +
2
X
1
)]}exp(
Ani e−Fi t )
τ1n
i=1

Where, under non-equilibrium conditions, Gop is the optical excitation rate, enj (T )
(with j = 1, 2) is the electron emission (as a function of absolute temperature T ) to
and from the conduction band, Pj (T ) is the trap occupation probability, δPj (T ) is
the probability gradient, Fj is the total thermal transport rate, and τ1n is the thermal
equilibrium effective electron recombination time given by,

2

X
1
1
:=
+
Cni Nni [1 − Pi (t)]
τ1n
τn i=1

(A.7)

Here τn is the free electron recombination lifetime (radiative and non-radiative), Cni
is the electron capture probability to and from the conduction band, and Ani (with
i = 1, 2) is the ratio of non-equilibrium capture probability to the total photothermal
transport-rate for electrons given by,

Ani (T ) := Cni Ni [

δPi (T )
], for i = 1, 2
Fji (T )
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(A.8)

The authors provide a similar derivation for the dynamics of hole capture
by trap states and provide a comparison of their numerical calculations using this
model to experimental data for the case of a direct bandgap material, semi-insulating
(SI)-GaAs, and report improved consistency than achieved via other models.
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APPENDIX B

ADDITIONAL INFORMATION REGARDING SAMPLE
FABRICATION

This appendix provides additional details regarding the equipment and techniques used to generate samples.

B.1

Sputterer Tool
A Denton Discovery 18 Sputterer tool was used to deposit the ultra-thin films

of metals and thin films of a dielectric during substrate development. The tool consists
of a vacuum deposition chamber housing the cathodes, anodes, and rotating sample
table, power supplies, inert and reactive gas supplies, vacuum pumps, and control
system. A vacuum of 5 x 10−6 torr was utilized for all depositions. The Denton tool
utilizes a disk type material target and can provide RF, DC, or pulsed DC sputtering.
The target is mounted against one of the cathodes in the vacuum chamber: cathode 1
for RF or DC sputtering; cathode 2 or 3 for DC sputtering. Inert gas (e.g., Nitrogen)
or reactive gas (e.g., Oxygen) can be pumped into the chamber as needed.
Deposition occurs via the formation of a plasma between the target and cathode. Ions from this plasma are then accelerated through the target; ejecting material
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in the form of neutral particles (atoms, atom clusters, or molecules) from the outermost surface of the target. Because of their neutral charge, the trajectory of these
particles is not altered by the cathode/anode within the vacuum chamber. This ejecta
conformally covers all surfaces within the vacuum chamber, including any samples
loaded onto the rotating table. When reactive gases are used during deposition, the
ejecta chemically reacts with the gas to form the desired molecular species prior to
contacting the substrate.
Operation of the tool requires the following parameters be specified: cathode
power settings, gas, pre-sputter time, and sputter time. The pre-sputter time is used
to remove material from the target surface that may be contaminated prior to deposition. A swinging shutter between the target and rotating sample platform is used to
block the material ejected during the pre-sputter phase. The shutter is automatically
swung out of the path between the target and sample when the clock on the sputter
time begins. However, it takes approximately 1 second for this shutter to move. This
delay can significantly impact actual layer thicknesses for which the desired deposition times are on the order of 30 seconds or less. Further, the control software for
the Denton sputter system does not permit fractional deposition time increments.
Therefore, 1 second was added to the sputter time calculated from the deposition
rate to permit the shutter to complete its movement while obtaining approximately
the desired material thicknesses. Material deposition rates were calibrated by NMDC
staff and provided for tool users to calculate the time required for a desired thickness
of material.
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The sputterer tool calibrated deposition rates were: Al, 0.13 nm/s; Cr, 0.219
nm/s; SiO2 , 0.059 nm/s. The samples used in this research were fabricated by sputtering onto uncoated substrates (glass, Si) placed on the rotating table inside the
tool’s vacuum chamber. All sputtering was performed in a non-reactive Argon gas at
a pressure of 5.0 mtorr. A presputter time of 60 seconds was used for all materials.

B.1.1

Substrate Metrology
Basic metrology of sample substrates and an extensive review of applicable

literature regarding the surface and chemical properties of similar layers of the metals
and metal oxides were performed to understand the properties of the substrates.
Spectra was measured for various thickness of the Al oxide on glass to determine if the
metal oxide layer could impact the QD emissions via strong absorption at either the
excitation or QD emission wavelengths. An Ocean Optics USB-4000 spectrometer and
Ocean Optics LS-1 tungsten halogen source were used in the measurements. The LS1 source provides sufficient broad-band illumination which includes the wavelengths
relevant to this research. The LS-1 source was coupled to a fiber cable for which the
output end was bare fiber. The bare fiber was brought into close proximity with the
sample surface, permitting the illumination of an approximately 50-70 micron area.
Figure B.1 shows the calculated transmittance for an approximately 0.5 nm layer of Al
oxide (red line) exhibited the same behavior as bare glass (black line). A thickness of
approximately 2.0 nm was seen to exhibit similar behavior to the bare glass; however,
for the thickest layer of approximately 3.0 nm Al (blue line), the transmittance is
noticeably less than bare glass.
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Figure B.1: Aluminum transmission on borosilicate glass.

The facilities available for this research did not include the capability of direct
thickness measurements for the ultra-thin (less than 2 nm) sputtered layers of metal.
A series of thicker layers (greater than 10 nm), which could be directly measured, were
used to determine the actual thicknesses obtained for various sputter times. A WYKO
NT1100 white light interferometer was used to perform these measurements. From
this information and the sputter times, the metal thicknesses on each type of sample
were calculated and the associated error determined. Table B.1 summarizes the metal
sputter times (without the 1 second shutter allowance), calculated thicknesses (D),
and other deposition parameters used for each layer. DC power for all metal layers
was 200 W. For simplicity, these layers are subsequently referred to by the thickness
identified in the Label column.
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Material
Al
Al
Al
Al
Cr

Sputter Time (s)
4
8
11
15
5

D (nm)
0.53
1.06
1.46
2.00
1.10

+/- Error (nm)
0.01
0.01
0.01
0.01
0.01

Label (nm)
0.5
1.0
1.5
2.0
1.0

Table B.1: Sputter Parameters

For the purposes of this research, the SiO2 layers were only required to be
sufficiently thick that the QDs were physically isolated from the metal oxides. As
such, a direct measurement of the SiO2 layers to confirm thickness was not required.
Sputtering of SiO2 was performed at 200 W using the RF power supply for 340 seconds
and provided a thickness of approximately 20 nm.

B.2

Spin Coating Tool
Spin coating was performed with a Brewer Science Cee 100 Spin Coating Sys-

tem. Spin coating thickness is determined by the combined effects of substrate roughness, solution viscosity, and operator entered spin program settings. The spin program
for QDs 1-4 was a 15 s spread at 200 rpm (ramp 150 rmp) followed by 60 s spinning
at 2000 rpm (ramp 200 rmp).
Each spin coating cycle consists of a spread period at low speeds that slowly
increases the diameter of the drop while maintaining its position at the center of the
sample. Spreading is followed by the spin in which the higher speed expands the drop
to its maximum diameter and the solvent evaporates. This leaves a quasi-uniform thin
film coating of QDs in a roughly circular pattern. For all tests, the spin parameters

162

were: 200 rpm spread, 100 rpm ramp, 15 seconds; 2000 rpm spin, 200 rpm ramp, 60
seconds. As is typical of the spin coating technique, a portion of the QD solution is
flung off the sample edge during the spin cycle; therefore, only a portion of the QDs
contained in the 10 µl drop remains on the sample.

163

REFERENCES

[1] T. Uematsu, J. Kimura, and Y. Yamaguchi. The reversible photoluminescence
enhancement of a CdSe/ZnS nanocrystal thin film. Nanotechnology, 15:822–827,
2004.
[2] S. R. Cordero, P. J. Carson, R. A. Estabrook, G. F. Strouse, and S. K. Buratto.
Photo-activated luminescence of CdSe quantum dot monolayers. J Phys Chem
B, 104:12137–12142, 2000.
[3] X. Wang, J. Zhang, A. Nazzal, and M. Xiao. Photo-oxidation-enhanced coupling
in densely packed CdSe quantum-dot films. Appl. Phys. Lett., 83:162–164, 2003.
[4] S. M. Sadeghi and A. Nejat. Abrupt plasmonic activation of photoionization
rates in quantum dot solids. J. Phys. Chem. C, 115:21584, 2011.
[5] C. Carrillo-Carrion, S. Cardenas, B. M. Simonet, and M. Valcarcel. Quantum
dots luminescence enhancement due to illumination with uv/vis light. Chem.
Commun., pages 5214–5226, 2009.
[6] R. Rossetti, S. Nakahara, and L. E. Brus. Quantum size effects in the redox
potentials, resonance raman spectra, and electronic spectra of CdS crystallites
in aqueous solutions. J. Chem. Phys., 79:1086, 1983.
[7] R. Rossetti, J. L. Ellison, J. M. Gibson, and L. E. Brus. Size effects in the
excited electronic states of small colloidal CdS crystallites. J. Chem. Phys.,
80:4464–6669, 1984.
[8] Al. L. Efros and A. L. Efros. Interband absorption of light in a semiconductor
sphere. Sov. Phys. Semicond., 16:772–775, 1982.
[9] A. I. Ekimov and A. A. Onushchenko. Quantum size effect in three-dimensional
microscopic semiconductor crystals. JETP Lett., 34:345–349, 1982.
[10] I. L. Medintz, H. T. Uyeda, E. R. Goldman, and H. Mattoussi. Quantum dot
bioconjugatesfor imaging, labeling, and sensing. Nature Materials, 4:435–446,
2005.
[11] S. G. Li, Q. Gong, C. F. Cao, X. Z. Wang, J. Y. Yan, Y. Wang, and H. L.
Wang. The development of inp-based quantum dot lasers. Infrared Physics and
Technology, 60:216–224, 2013.
164

[12] K.-H. Lee, J.-H. Lee, W.-S. Song, H. Ko, C. Lee, J.-H. Lee, and H. Yang. Highly
efficient, color-pure, color-stable blue quantum dot light-emitting devices. ACS
Nano, 7(8):7295–7302, 2013.
[13] H. Shen, Q. Lin, H. Wang, L. Qian, Y. Yang, A. Titov, J. Hyvonen, Y. Zheng,
and L. S. Li. Efficient and bright colloidal quantum dot light-emitting diodes via
controlling the shell thickness of quantum dots. ACS App. Mater. Interfaces,
5:12011–12016, 2013.
[14] N. Asim, K. Sopian, S. Ahmadi, K. Saeedfar, M. A. Alghoul, O. Saadatian, and
S. H. Zaidi. A review on the role of materials science in solar cells. Renewable
and Sustainable Energy Reviews, 16:5834–5847, 2012.
[15] S. M. Sadeghi. Plasmonic metaresonance nanosensors: Ultrasensitive tunable
optical sensors based on nanoparticle molecules. IEEE Transactions on Nanotechnology, 10(3):566–571, 2011.
[16] K. D. Patty, S. M. Sadeghi, A. Nejat, and C.-B. Mao. Enhancement of emission
efficiency of colloidal CdSe quantum dots on silicon substrate via an ultra-thin
layer of aluminum oxide. Nanotechnology, 25:155701, 2014.
[17] K. D. Patty, S. M. Sadeghi, Q. Campbell, N. Hamilton, C.B. Mao, and R. West.
J. Appl. Phys., 116:114301, 2014.
[18] Anon. Making quantum dots glow brighter.
[19] volume = Anon.’. Thin films make certain qds glow brighter. Photonics Spectra
Magazine.
[20] J. Kimura, T. Uematsu, S. Maenosono, and Y. Yamaguchi. Photoinduced fluorescence enhancement in CdSe/ZnS quantum dot submonolayers sandwiched
between insulating layers: Influence of dot proximity. J. Phys. Chem. B,
108:13258–13264, 2004.
[21] D. Gammon and D. G. Steel. Optical studies of single quantum dots. Physics
Today, 55:36–41, 2002.
[22] H. J. Jung, N. P. Dasgupta, P. B. van Stockum, A. L. Koh, R. Sinclair, and
F. B. Prinz. Spatial varition of available electronic excitations within individual
quantum dots. NanoLett., 13:716–21, 2013.
[23] P. Geiregat, Y. Justo, S. Abe, S. Flamee, and Z. Hens. Giant and broad-band
absorption enhancement in colloidal quantum dot monolayers through dipolar
coupling. ACS Nano, 7:987–993, 2013.
[24] E. C. Niculescu, M. Cristea, and A. Spandonide. Exciton states in CdSe/ZnS
core-shell quantum dots under applied electic fields. Superlattices and Microstructures, 63:1–9, 2013.

165

[25] L. Dyadyusha, H. Yin, S. Jaiswal, T. Brown, J. J. Baumberg, F. P. Booy, and
T. Melvin. Quenching of CdSe quantum dot emission, a new approach for
biosensing. Chem. Commun., 25:3201–3203, 2005.
[26] M. F. Frasco and N. Chaniotakis. Semiconductor quantum dots in chemical
sensors and biosensors. Sensors, 9:7266–7286, 2009.
[27] K. W. Song, R. Costi, and V. Bulovic. Electrophoretic deposition of CdSe/ZnS
quantum dots for light-emitting devices. Adv. Mats., 25:1420–1423, 2013.
[28] Y. Lu, Y. Zhong, J. Wang, Y. Su, F. Peng, Y. Zhou, X. Jiang, and Y. He.
Aqueous synthesized near-infrared-emitting quantum dots for rgd-based in vivo
active tumor targeting. Nanotech., 24:135101, 2013.
[29] A. Kumar, S. Tripathi, A. D. Deshmukh, D. Haranath, P. Singh, and A. M.
Biradar. Time evolution photoluminescence studies of quantum dot doped ferroelectric liquid crystals. J. Phys. D: Appl. Phys., 46:195302, 2013.
[30] C. B. Murray, D. J. Norris, and M. G. Bawendi. Synthesis and characterization
of nearly monodisperse cde (e = s, se, te) semiconductor nanocrystallites. J.
Am. Chem. Soc., 115:8706–8715, 1993.
[31] L. Qu and X. Peng. Control of photoluminescence properties of CdSe nanocrystals in growth. J. Am. Chem. Soc., 124:2049–2055, 2000.
[32] J. E. B. Katari, V. L. Colvin, and A. P. Alivisatos. X-ray photoelectron spectroscopy of CdSe nanocrystals with applications to studies of the nanocrystal
surface. J. Phys. Chem., 98(15):4109–4117, 1994.
[33] H. Etxeberria, G. Kortaberria, I. Zalakain, A. Larranaga, and I Mondragon. Effect of different aquesous synthesis parameters on the size of CdSe nanocrystals.
J. Mater. Sci., 47:7167–7174, 2012.
[34] A. V. Malko, A. A. Mikhailovsky, M. A. Petruska, J. A. Hollingsworth, and
V. I. Klimov. Interplay between optical gain and photoinduced absorption in
CdSe nanocrystals. J. Phys. Chem. B, 108:5250–5255, 2004.
[35] T. M. Inerbaev, A. E. Masunov, S. I. Khondaker, A. Dobrinescu, A.-V. Plamada, and Y. Kawazoe. Quantum chemistry of quantum dots: Effects of lignands and oxidation. J. Chem. Phys., 131:044106, 2009.
[36] A. Puzder, A. J. Williamson, F. Gygi, and G. Galli. Self-healing of CdSe
nanocrystals: First-principles calculations. Phys. Rev. Lett., 92:217401, 2004.
[37] S. Adam, D. V. Talapin, H. Borchert, A. Lobo, C. McGinley, A. R. B. de Castro, M. Haase, H. Weller, and T. Moller. The effect of nanocrystal surface
structure on the luminescence properties: Photoemission study of hf-etched inp
nanocrystals. J. Chem. Phys., 123:084706, 2005.

166

[38] A. A. Chistyakov, I. L. Martynov, K. E. Mochalov, V. A. Oleinikov, S. V. Sizova,
E. A. Usinovich, and K. V. Zakharchenko. Interaction of CdSe/ZnS core-shell
semiconductor nanocrystals in solid thin films. Laser Physics, 16(12):1625–1632,
2006.
[39] M. V. Ramakrishna and R. A. Friesner. Quantum confinement effects in semiconductor clusters. J. Chem. Phys., 95:8309–8322, 1991.
[40] A. Tomasulo and M. V. Ramakrishna. Quantum confinement effects in semiconductor clusters, ii. J. Chem. Phys, 105:3612–3626, 1995.
[41] G. L. C. Paulus, J. T. Abrahamson, and S. Shimizu. The chemical engineering
of low-dimensional materials. AlChE, 57(5):1104–1118, 2011.
[42] S. W. Koch, M. Kira, G. Khitrova, and H. M. Gibbs. Semiconductor excitons
in new light. Nature Materials, 5:523–531, 2006.
[43] T. Takagahara. Theory of exciton coherence and decoherence in semiconductor
quantum dots. Phys. Stat. Sol. B, 234(1):115–129, 2002.
[44] X. Brokmann, G. Messin, P. Desbiolles, E. Giacobino, M. Dahan, and J. P.
Hermier. Colloidal CdSe/ZnS quantum dots as signle-photon sources. New
Journal of Physics, 6(1):99, 2004.
[45] R. M. Kraus, P. G. Lagoudakis, J. Muller, A. L. Rogach, J. M. Lupton, J. Feldmann, D. V. Talapin, and H. Weller. Interplay between auger and ionization
processes in nanocrystal quantum dots. J. Phys. Chem. B Letters, 109:18214–
18217, 2005.
[46] L.-W. Wang, M. Califano, Z. Zunger, and A. Franceschetti. Pseudopotential
theory of auger processes in CdSe quantum dots. Phys. Rev. Lett., 91(5):056404,
2003.
[47] A. R. Clapp, I. L. Medintz, J. M. Mauro, B. R. Fisher, M. G. Bawendi, and
H. Mattoussi. Fluorescence resonance energy transfer between quantum dot
donors and dye-labeled protein acceptors. J. Am. Chem. Soc., 126:301–310,
2004.
[48] S. Maenosono. Modeling photoinduced fluorescence enhancement in semicondutor nanocrystal arrays. Chem. Phys. Lett., 376:666, 2003.
[49] Soganci. Localized plasmon-engineered spontaneous emission of CdSe/ZnS
nanocrystals closely-packed in the proximity of ag nanoisland films for controlling emission linewidth, peak, and intensity. Optics Express, 15(22):14289,
2007.
[50] T. Uematsu, S. Maenosono, and Y. Yamaguchhi. Photoinduced fluorescence
enhancement in mono- and multilayer films of CdSe/ZnS quantum dots: Dependence on intensity and wavelength of excitation light. J. Phys. Chem. B,
109:8613, 2005.
167

[51] T. Uematsu, S. Maenesono, and Y. Yamaguchi. Photoinduced fluorescence
enhancement in CdSe/ZnS quantum dot monolayers: influence of substrate.
Appl. Phys. Lett., 89:031910, 2006.
[52] D. Zimnitsky, C. Jiang, J. Xu, Z. Lin, and V. V. Tsukruk. Substrate- and timedependent photoluminescence of quantum dots inside the ultrathin polymer lbl
film. Langmuir, 23:4509–4515, 2007.
[53] J. Mooney, M. M. Krause, J. I. Saari, and P. Kambhampati. Challenge to the
deep-trap model of the surface in semiconductor nanocrystals. Phys. Rev. B,
87:08120, 2013.
[54] Jaros. Auger lifetimes for excitons bound to deep impurities in semiconductors.
J. Phys. C: Solid State Physics, 16:L733–L739, 1983.
[55] S. M. Sadeghi. Inhibition of optical excitation and enhancement of rabi flopping in hybrid quantum dot-metallic nanoparticle systems. Nanotechnology,
20:225401, 2009.
[56] A. Y. Nazzal, X. Wang, L. Qu, W. Yu, Y. Wang, X. Peng, and M. Xiao. J.
Phys. Chem. B, 108:5507–5515, 2004.
[57] C. T. Yuan, W. C. Chou, D. S. Chuu, Y. N. Chen, C. A. Lin, and W. H. Chang.
Photoinduced fluorescence enhancement in colloidal CdSeTe/ZnS core/shell
quantum dots. Appl. Phys. Lett., 92:183108, 2008.
[58] S. M. Sadeghi, A. Nejat, J. J. Weimer, and G. Alipour. Chromium-oxide enhancment of photo-oxidation of CdSe/ZnS quantum dot solids. J. Appl. Phys.,
111:084308, 2012.
[59] D. Zimnitsky, C. Jiang, J. Xu, Z. Lin, and V. V. Tsukruk. Substrate- and timedependent photoluminescence of quantum dots inside the ultrathin polymer lbl
film. Langmuir, 23:4509–4515, 2007.
[60] X. Brokmann, L. Coolen, J.-P. Hermier, and M. Dahan. Chemical Physics,
318:91–98, 2005.
[61] K. Matsuda, Y. Ito, and Y. Kanemitsu. Appl. Phys. Lett., 92:211911–211914,
2008.
[62] E. H. Sargent. Adv. Mater., 17:515–522, 2005.
[63] K. Okamoto, A. Scherer, and Y. Kawakami. Phys. Stat. Sol. C, 5:2822–2824,
2008.
[64] K. Okamoto, S. Vyawahare, and A. J. Scherer. J. Opt. Soc. Am. B, 23:1674–
1678, 2006.
[65] W. G. J. H. M. van Sark, P. L. T. M. Frederix, A. A. Bol, H. C. Gerritsen, and
A. Meijerink. ChemPhysChem, 3:871–879, 2002.
168

[66] S. Nizamoglu, E. Sari, J.-H. Baek, I.-H. Lee, and H. V. Demir. New J. Phys.,
10:123001–123011, 2008.
[67] A. Samavati, Z. Othaman, S. K. Ghoshal, M. R. Dousti, and M. R. A. Kadir.
Substrate temperature dependent surface morphology and photoluminescence
of germanium quantum dots grown by radio requency magnetron sputtering.
Int. J. Mol. Sci., 13, 2012.
[68] Z. Chen, D. Lu, H. Yuan, P. Han, X. Liu, Y. Li, X. Wang, Y. Lu, and Z. Wang.
A new method to fabricate ingan quantum dots by metalorganic chemical vapor
deposition. J. Crystal Growth, 235:188–194, 2002.
[69] S. Vempati, Y. Ertas, and T. Uyar. Sensitive surface states and their passivation
mechanism in CdS quantum dots. J. Phys. Chem. C, 117:21609–21618, 2013.
[70] A. Mandelis and J. Xia. Deep level photothermal spectroscopy: Physical principles and applications to semi-insulating gaas band-gap multiple trap states.
J. Appl. Phys., 103:043704, 2008.
[71] P. Stallinga and H. L. Gomes. Trap states as an explanation for the meyer-neldel
rule in semiconductors. Organic Electronics, 6:137–141, 2005.
[72] A. Y. Polyakov, L.-W. Jang, D.-S. Jo, I.-H. Lee, N. B. Smirnov, A. V. Govorkov,
E. A. Kozhukhova, K. Y. Baik, and S.-M. Hwang. Deep traps and enhanced
photoluminescence efficiency in nonpolar a-gan/ingan quantum well structures.
J. Appl. Phys., 111:033103, 2012.
[73] J. Bisquert, F. Fabregat-Santiago, I. Mora-Sero, G. Garcia-Belmonte, E. M.
Barea, and E. Palomares. A review of recent results on electrochemicl determination of the density of electronic state of nanostructured metal-oxide
semiconductors and organic hole conductors. Inorganica Chimica Acta, 361,
2008.
[74] J. Villanueva-Cab, G. Oskam, and J. A. Anta. A simple numerical model for
the charge transport and recombination properties of dye-sensitized solar cells:
A comparison of transport-limited and transfer-limited recombination. Solar
Energy Materials and Solar Cells, 94:45–50, 2010.
[75] J. R. Weber, A. Janotti, and C. G. Van de Walle. Native defects in al2o3 and
their impact on iii-v/al2o3 metal-oxide-semiconductor-based devices. J. Appl.
Phys., 109:033715, 2011.
[76] C. Kittel. Introduction to Solid State Physics. Wiley, 8th edition, 2004.
[77] Jesus del Alamo. Course materials for 6.720j integrated microelectronics devices, spring 2007.

169

[78] Iupac. compendium of chemical terminology 2nd ed. (the "Gold Book"), 2014.
Compiled by A. D. McNaught and A. Wilkinson. Blackwell Scientific Publications, Oxford (1997). XML on-line corrected version: http://goldbook.iupac.org
(2006-) created by M. Nic, J. Jirat, B. Kosata; updates compiled by A. Jenkins.
[79] B. E. Deal. Standardized terminology for oxide charges associated with thermally oxidized silicon. IEEE Trans. Electron Dev., ED-27(3):606–609, 1980.
[80] V. Schmidt, S. Senz, and U. Gosele. Influence of the si/sio2 interface on the
charge carrier density of si nanowires. Appl. Phys. A, 86:187–191, 2007.
[81] W. Peng, Z. Aksamija, S. A. Scott, J. J. Endres, D. E. Savage, I. Knezevic, M. A.
Eriksonn, and M. G. Lagally. Probing the electronic structure at semiconductor
surfaces using charge transport in nanomembranes. Nature Comm., 4, 2013.
[82] P. Klobes, K. Meyer, and R. G. Munro. Special Publication 960-17: Porosity
and Specific Surface Area Measurements for Solid Materials. NIST, 2006.
[83] C. S. Praveen, V. Timon, and M. Valant. Comp. Mat. Sci., 55:192–198, 2012.
[84] A. Hess, E. Kemniz, A. Lippitz, W. E. S. Unger, and D.-H. Menz. J. Catal.,
148:270–280, 1994.
[85] A. Hess and E. Kemniz. J. Catal., 149:449–457, 1994.
[86] J. Yuan, H. Hu, M. Chen, J. Shi, and W. Shangguan. Catal. Today, 139:140–
145, 2008.
[87] F.-T. Li, Y. Zhao, Y.-J. Hao, X.-J. Wang, R.-H. Liu, D.-S. Zhao, and D.-M.
Chen. J. Hazard. Mater., 239-240:118–127, 2012.
[88] W. D. Bancroft and A. B. George. Catalytic action of an aluminum oxide
catalyst. J. Phys. Chem., 35:2943–2949, 1931.
[89] D. Yan, H. Lu, D. Chen, R. Zhang, Y. Zheng, X. Qian, and A. Li. Sol.-St.
Elec., 72:56–59, 2012.
[90] J. Sun, T. Stirner, and A. Matthews. Molecular dynamics simulation of the (0
0 0 1) α -al2o3 and α -cr2o3 surfaces. Surface Science, 601:1358–1364, 2007.
[91] H. Matsui, H. Miyazaki, A. Fujinami, S. Ito, M. Yoshihara, and S. Karuppuchamy. Visible light water splitting using novel al2o3/carbon cluster
nanocomposite materials. Appl. Nanosci., 3:225–228, 2013.
[92] T. Miwa, S. Kaneco, H. Katsumata, T. Suzuki, K. Ohta, S. C. Verma, and
K. Sugihara. Photocatalytic hydrogen production from aqueous methanol solution with cuo/al2o3/tio2 nanocomposite. Int. J. Hydrogen Energy, 35:6554–
6560, 2010.

170

[93] A. C. Pradhan, S. Martha, S. K. Mahanta, and K. M. Parida. Mesoporous
nanocomposite fe/al2o3-mcm-41: An efficient photocatalyst for hydrogen production under visible light. Int. J. Hydrogen Energy, 36:12753–12760, 2011.
[94] M. Shelef, K. Otto, and H. Gandhi. The oxidation of co by o2 and by no on
supported chromium oxide and other metal oxide catalysts. J. Catal., 12:361–
375, 1968.
[95] B. M. Weckhuysen and R. A. Schoonheydt. Olefin polymerization over supported chromium oxide catalysts. Catalysis Today, 51:215–221, 1999.
[96] M. H. Kakaei-Lafdani and M. Aghaie-Khafri. Synthesis of high specific surface
area cr2o3 nanopowder. IEEE Micro and Nano Letters, 2012.
[97] S. M. El-Sheikh, R. M. Mohamed, and O. A. Fouad. Synthesis and structure
screening of nanostructured chromium oxide powders. J. of Alloys and Compounds, 482:302–307, 2009.
[98] H. Yamashita, K. Yoshizawa, M. Ariyuki, S. Higashimoto, M. Che, and
M. Anpo. Photocatalytic reactions on chromium containing mesoporous silica molecular sieves (cr-hms) under visible light irradiation: decomposition of
no and partial oxidation of propane. ChemComm, pages 435–436, 2001.
[99] B. Gryzbowska, J. Sloczynski, R. Grabowski, K. Wcislo, A. Kozlowska, J. Stoch,
and J. Zielinski. Chromium oxide/alumina catalysts in oxidative dehydrogenation of isobutane. 178:687–700, 1998.
[100] B. Grzybowska, J. Sloczynski, R. Grabowski, L. Keromnes, K. Wcislo, and
T. Bobinska. Oxidation of c2-c4 alkanes on chromium oxide/alumina and on
cr2o3: catalytic and tpd studies. Applied Catalysis A: General, 209:279–289,
2001.
[101] B. Y. Jibril, N. O. Elbashir, S. M. Al-Zahrani, and A. E. Abasaeed. Oxidative dehydrogenation of isobutane on chromium oxide-based catalyst. Chemical
Engineering and Processing, 44:835–840, 2005.
[102] S. M. Al-Zahrani, B. Y. Jibril, and A. E. Abasaeed. Selection of optimum
chromium oxide-based catalysts for propane oxidehydrogenation. Catalysis Today, 81:507–516, 2003.
[103] A. Williams, A.S. Winfield, and N.J. Miller. Relative fluorescence quantum
yields using a computer-controlled luminescence spectrometer, 1983.
[104] B. C. Rowan, L. R. Wilson, and B. S. Richards. Advanced material concepts for
luminescent solar concentrators. IEEE J. Sel. Topics in Quantum Electronics,
14(5):1312–1322, 2008.

171

[105] M. G. Bawendi, A. R. Kortan, M. L. Steigerwald, and L. E. Brus. X-ray
structural characterization of larger CdSe semiconductor clusters. J. Chem.
Phys., 91:7282–7290, 1989.
[106] C. P. Shillaber. Photomicrography in theory and practice. New York: J. Wiley
and Sons, Inc.; London, Chapman and Hall, Ltd., 1944.
[107] M. A. Islam O. Cherniavskaya, L. Chen and L. Brus. Photoionization of individual CdSe/CdS core/shell nanocrystals on silicon with 2-nm oxide depends
on surface band bending. Nano Letters, 3(4):497–501, 2003.
[108] E. Neburchilova, A. Osipov, L. Rubin, T. Wardle, and W. Zhu. Surface passivation of silicon by electrochemically formed oxide layers. Energy Procedia,
27:372–378, 2012.
[109] G. Dingemans, N.M. Terlinden, M. A. Verheijen, M. C. M. van de Sanden, and
W. M. M. Kessels. Controlling the fixed charges and passivation properties of
si(100)/al2o3 interfaces using ultrathin sio2 interlayers synthesized by atomic
deposition. J. Appl. Phys., 110:093715, 2011.
[110] M. Jones, J. Nedeljkovic, R. J. Ellingson, A. J. Nozik, and G. Rumbles. J.
Phys. Chem. B, 107:11346–11352, 2003.
[111] S. S. Lo, Y. Khan, M. Jones, and G. D. Scholes. J. Chem. Phys., 131:084714,
2009.
[112] B. G. Parkinson, D. Holland, M. E. Smith, C. Larson, J. Doerr, M. Affatigato,
S. A. Feller, A. P. Howes, and C. R. Scales. Quantitative measurement of q3
species in silicate and borosilicate glasses using raman spectroscopy. J. NonCrystalline Solids, 354:1936–1942, 2008.
[113] S. Sen. Temperature induced structural changes and transport mechanisms
in borate, borosilicate, and boroaluminate liquids: high-resolution and hightemperature nmr results. J. Non-Crystaline Solids, 253:84–94, 1999.
[114] R. M. Mahani and S. Y. Marzouk. Ac conductivity and dielectric properties of
sio2 -na2 o-b2 o3 -gd2 o3 glasses. J. Alloys and Compounds, 579:394–400, 2013.
[115] E. V. Korneeva, A. S. Ivanova, D. A. Zyuzin, E. M. Moroz, O. A. Stonkus, V. I.
Zaikovskii, and I. G. Danilova. Effect of surfactants on the structure and texture
characteristics of aluminum oxide. Kinetics and Catalysis, 53(4):461–469, 2012.
[116] G. Dingemans, R. Seguin, P. Engelhart, M. C. M. van de Sanden, and W. M. M.
Kessels. Silicon surface passivation by ultrathin al2o3 films synthesized by
thermal and plasma atomic layer deposition. Phys. Stat. Sol. Rap. Res. Lett.,
4:10–12, 2010.
[117] T.-T. A. Li, S. Ruffell, M. Tucci, Y. Mansoulie, C. Samundsett, S. De Iullis,
L. Serenelli, and A. Cuevas. Sol. En. Mater. and Sol. Cells, 95:69–72, 2011.
172

[118] B. Veith, F. Werner, D. Zielke, R. Brendel, and J. Schmidt. Energy Procedia,
8:307–312, 2011.
[119] H. Freitag, M. G. Mavros, and D. A. Micha. Optical absorbance of doped
si quantum dots calculated by time-dependent density functional theory with
partial electronic self-interaction corrections. J. Chem. Phys., 137:144301, 2012.
[120] T. Zhai, X. Fang, M. Liao, X. Xu, H. Zeng, B. Yoshio, and D. Golberg. A
comprehensive review of one-dimensional metal-oxide nanostructure photodetectors. Sensors, 9:6504–6529, 2009.
[121] R. Buonsanti, A. Llordes, S. Aloni, B. A. Helms, and D. J. Milliron. Tunable
infrared absorption and visible transparency of colloidal aluminum-doped zinc
oxide nanocrystals. Nanoletters, 11:4706–4710, 2011.
[122] M Eskandari, V. Ahmadi, and R. Ghahary. Enhanced photovoltaic performance
of a cadmium sultide/cadmium selenide-sensitized solar cell using an aluminumdoped zinc oxide electrode. Ceramics International, In Press, 2014.
[123] H. Goverde, B. Vermang, A. Morato, J. John, J. Horzel, G. Meneghesso, and
J. Poortmans. Energy Procedia, 27:355–360, 2012.
[124] B. Hoex, S. B. S. Heil, E. Langereis, M. C. M. van de Sanden, and W. M. M.
Kessels. Ultralow surface recombination of c-si substrates passivated by plasmaassisted atomic layer deposited al2o3. Appl. Phys. Lett., 89:042112, 2006.
[125] J. Schmidt, B. Veith, and R. Brendel. Effective surface passivation of crystaline
silicon using ultrathin al2o3 films and al2o3/sinx stacks. Phys. Stat. Sol. Rap.
Res. Lett., 9:287–289, 2009.
[126] G. Agostinelli, A. Delabie, P. Vitanov, Z. Alexieva, H. F. W. Dekkers, S. De
Wolf, and G. Beaucarne. Very low surface recombination velocities on p-type
silicon wafers passivated with a dielectric with fixed negative charge. Sol. En.
Mater. and Sol. Cells, 90:3438–3443, 2006.
[127] B. Hoex, J. J. H. Gielis, M. C. M. van de Sanden, and W. M. M. Kessels. On
the c-si surface passivation mechanism by the negative-charge-dielectric al2 o3 .
J. Appl. Phys., 104:113703, 2008.
[128] J. Schmidt, A. Merkle, R. Brendel, B. Hoex, M. C. M. van de Sanden, and
W. M. M. Kessels. Surface passivation of high-efficiency silicon solar cells by
atomic-layer-deposited al2o3. Progress in Photovoltaics: Research and Application, 16:461–466, 2008.
[129] T. Hashizume, S. Ootomo, and H. Hasegawa. Suppression of current collapse in
insulated gate algan/gan heterostructure field-effect transistors using ultrathin
al2o3 dielectric. Appl. Phys. Lett., 83(14):2952–2954, 2003.

173

[130] F. Werner, B. Veith, D. Zielke, L. Kuhnemund, and C. Tegenkamp. Electronic
and chemical properties of the c-si/al2o3 interface. J. Appl. Phys, 109:113701,
2011.
[131] J. Benick, A. Richter, T.T.A. Li, N. E. Grant, K. R. McIntosh, Y. Ren, K. J.
Weber, M. Hermle, and S. W. Glunz. Effect of a post-deposition anneal on
al2o3 properties. 35th IEEE PVSC, Honolulu, 2:891–896, 2010.
[132] W. G. J. H. M. van Sark, P. L. T. M. Frederix, D. J. Van den Heuvel, and H. C.
Gerritsen. Photooxidation and photobleaching of single CdSe/ZnS quantum
dots probed by room-temperature time-resolved spectroscopy. J. Phys. Chem.
B, 105:8281–8284, 2001.
[133] J. Chen. Nanofabrication, plasmon enhanced fluorescence and photo-oxidation
kinetics of CdSe nanoparticles. Ph.D. dissertation, Texas A and M University,
2010.
[134] A. Franceschetti and A. Zunger. Direct pseudopotential calculation of exciton
coulomb and exchange energies in semiconductor quantum dots. Phys. Rev.
Lett., 78:915, 1997.
[135] S. M. Sadeghi nd A. Nejat and R. G. West. Inhibition of plasmonically enhanced
interdot energy transfer in quantum dot solids via photo-oxidation. J. Appl.
Phys., 112:104302, 2012.
[136] S. Park, Y. Seo, M.S. Kim, and S. Lee. Solar energy conversion by the regular
array of tio2 nanotubes anchored with ZnS/CdSSe/CdS quantum dots formed
by sequential ionic bath deposition. Bull. Korean Chem. Soc., 34(3):856–862,
2013.
[137] J. Pan, M. I. B. Utama, Q. Zhang, X. Liu, B. Peng, L. M. Wong, T. C. Sum,
S. Wang, and Q. Xiong. Composition-tunable vertically aligned CdSx Se1−x
nanowire arrays via van der waals epitaxy: Investigation of optical properties
and photocatalytic behavior. Adv. Mater., 24:4151–4156, 2012.
[138] W. Wu, D. Yu, H.-A. Ye, Y. Gao, and Q. Chang. Temperature and composition dependent excitonic luminescence and exciton-phonon coupling in CdSeS
nanocrystals. Nanoscale Research Letters, 7:301, 2012.
[139] F. I. Ezema and R. U. Osuji. Band gap shift and optical characterization of
chemical bath deposited CdSSe thin films on annealing. Chalcogenide Letters,
4(6):69–75, 2007.
[140] S. Biswas, D. J. Gosztola, G. P. Wiederrecht, M. A. Stroscio, and M. Dutta.
Annealing-induced morphological changes in nanocrystalline quantum dots and
their impact on charge transport properties. J. Elec. Mats., 41:524, 2012.

174

[141] K. B. Crozier, A. Sundaramurthy, G. S. Kino, and C. F. Quate. Optical antennas: Resonators for local field enhancment. J. Appl. Phys., 94(7):4632–4642,
2003.
[142] S. Maenosono, E. Ozaki, K. Yoshie, and Y. Yamaguchi. Nonlinear photoluminescence behavior in closely packed CdSe nanocrystal thin films. Jpn. J. Appl.
Phys.
[143] S. Maenosono, E. Ozak, K. Yoshie, and Y. Yamaguchi. Nonlinear photoluminescence behavior in closely packed CdSe nanocrystal thin films. Jpn. J. Appl.
Phys. Part 2 Letters, 40:638–641, 2001.
[144] S. M. Sadeghi, R. G. West, and A. Nejat. Photo-induced suppression of plasomic
emission enhancement of CdSe/ZnS quantum dots. Nanotechnology, 22:405202,
2011.
[145] V. I. Klimov, A. A. Mikhailovsky, D. W. McBranch, C. A. Leatherdale, and
M. G. Bawendi. Quantization of multiplaricle auger rates in semiconductor
quantum dots. Science, 287:1011–1013, 2000.
[146] M. Achermann, J. A. Hollingsworth, and V. I. Klimov. Phys. Rev. B, 68:245302,
2003.
[147] A. L. Efros, V. A. Kharchenko, and M. Rosen. Breaking the phonon bottleneck in nanometer quantum dots: Role of auger-like processes. Solid State
Communications, 93(4):281–284, 1995.
[148] P. Geiregat, Y. Justo, S. Abe, S. Flamee, and Z. Hens. Giant and broad-band
absorption enhancement in colloidal quantum dod monolayers through dipolar
coupling. ACS Nano, 7(2):987–993, 2013.
[149] A. P. Alivisatos, A. L. Harris, N. J. Levinos, M. L. Steigerwald, and L. E. Brus.
Electronic states of semiconductor clusters: Homogeneous and inhomogeneous
broadening of the optical spectrum. J. Chem. Phys., 89:4001–4011, 1988.
[150] A. Kamra, P. Pathak, and V. A. Singh. A mean field approach to coulomb blockade for a disordered assembly of quantum dots. Pramana J. Phys., 70(2):279–
284, 2008.
[151] W. Shockley and Jr. W. T. Read. Statistics of the recombination of holes and
electrons. Physical Review, 87(5):835–842, 1952.
[152] J. G. Simmons and G. W. Taylor. Nonequilibrium steady-state statistics and
associated effects for insulators and semiconducors containing and arbitrary
distribution of traps. Phys. Rev. B, 4:502–511, 1971.

175

